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ABSTRACT
Jets and outflows are an integral part of the star formation process. While there are many
detailed studies of molecular outflows towards individual star-forming sites, few studies have
surveyed an entire star-forming molecular cloud for this phenomenon. The 100 square degree
FCRAO CO survey of the Taurus molecular cloud provides an excellent opportunity to under-
take an unbiased survey of a large, nearby, molecular cloud complex for molecular outflow
activity. Our study provides information on the extent, energetics and frequency of outflows in
this region, which are then used to assess the impact of outflows on the parent molecular cloud.
The search identified 20 outflows in the Taurus region, 8 of which were previously unknown.
Both 12CO and 13CO data cubes from the Taurus molecular map were used, and dynamical
properties of the outflows are derived. Even for previously known outflows, our large-scale
maps indicate that many of the outflows are much larger than previously suspected, with eight
of the flows (40%) being more than a parsec long. The mass, momentum and kinetic energy
from the 20 outflows are compared to the repository of turbulent energy in Taurus. Compar-
ing the energy deposition rate from outflows to the dissipation rate of turbulence, we conclude
that outflows by themselves cannot sustain the observed turbulence seen in the entire cloud.
However, when the impact of outflows is studied in selected regions of Taurus, it is seen that
locally, outflows can provide a significant source of turbulence and feedback. The L1551 dark
cloud which is just south of the main Taurus complex was not covered by this survey, but the
outflows in L1551 have much higher energies compared to the outflows in the main Taurus
cloud. In the L1551 cloud, outflows can not only account for the turbulent energy present,
but are probably also disrupting their parent cloud. We conclude that for a molecular cloud
like Taurus, a L1551-like episode occuring once every 105 years is sufficient to sustain the
turbulence observed. Five of the eight newly discovered outflows have no known associated
stellar source, indicating that they may be embedded Class 0 sources. In Taurus, 30% of Class
I sources and 12% of Flat spectrum sources from the Spitzer YSO catalogue have outflows,
while 75% of known Class 0 objects have outflows. Overall, the paucity of outflows in Tau-
rus compared to the embedded population of Class I and Flat Spectrum YSOs indicate that
molecular outflows are a short-lived stage marking the youngest phase of protostellar life. The
current generation of outflows in Taurus highlights an ongoing period of active star-formation,
while a large fraction of YSOs in Taurus has evolved well past the Class I stage.
Key words: ISM: clouds – ISM: individual objects (Taurus) – ISM: general – ISM: jets and
outflows – ISM: molecules – ISM: kinematics and dynamics – stars: formation – surveys –
turbulence
1 INTRODUCTION
From the emergence of a hydrostatic core, the collapse of a proto-
stellar core is accompanied by winds and mass loss (Lada 1985)
probably driven by magnetospheric accretion (eg. Koenigl 1991;
Edwards et al. 1994; Hartmann et al. 1994). Integrated over time,
the effect of a wind from a young star is to blow away the pla-
cental material left over from its birth and which shrouds it dur-
ing its earliest evolution. The discovery of bipolar molecular out-
flows has been a key to the understanding of this process (eg. Snell
et al. 1980). These molecular outflows have dimensions of up to
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several parsecs, masses comparable or more than than their driv-
ing sources, and tremendous kinetic energies, typically 1045 ergs
(Bally & Lada 1983; Snell 1987). Such massive flows must repre-
sent swept-up material as the winds, emerging from the star and/or
its circumstellar disk, interact with their ambient medium.
While jets and outflows are an integral part of the star forma-
tion process, only a few studies out of the many detailed studies
of molecular outflows towards individual star-forming sites, have
a molecular cloud-wide view of this phenomenon. One of these is
the recent study of outflows in Perseus (Arce et al. 2010). The Tau-
rus molecular cloud with its proximity (140 pc) and displacement
from the Galactic Plane (b∼ −19◦) affords high spatial resolution
views of an entire star forming region with little or no confusion
from background stars and gas. The most complete inventory of the
molecular gas content within the Taurus cloud is provided by Un-
gerechts & Thaddeus (1987), who observed 12CO J=1-0 emission
from 750 deg2 of the Taurus-Auriga-Perseus regions. They estimate
the molecular mass resident within the Taurus-Auriga cloud to be
3.5 × 104 M. However, the 30′ angular resolution of this survey
precludes an examination of the small scale structure of the cloud.
The recently completed 100 square degree FCRAO CO survey with
an angular resolution of 45′′, sampled on a 20′′ grid, and covered
in 12CO and 13CO simultaneously, reveals a very complex, highly
structured cloud morphology with an overall mass of 2.4×104 M
(Narayanan et al. 2008; Goldsmith et al. 2008). This survey pro-
vides an excellent opportunity to perform an unbiased survey of a
large, nearby, molecular cloud complex for molecular outflow ac-
tivity. Goldsmith et al. (2008) divide the Taurus cloud into eight re-
gions of high column density that include the L1495, B213, L1521,
Heiles Cloud 2, L1498, L1506, B18, and L1536, and tabulate the
masses and areas of these well-known regions. Of these, the L1495
and B213 clouds have been recently studied using JCMT HARP
12CO J=3-2 observations, searching for molecular outflows from
young stars (Davis et al. 2010a), where they have detected as many
as 16 outflows.
Targeted studies with higher angular resolution of 13CO and
C18O emission from individual sub-clouds of Taurus reveal some
of the relationships between the molecular gas, magnetic fields, and
star formation but offer little insight to the coupling of these struc-
tures to larger scales and features, nor do they provide an unbiased
search for molecular outflows (Schloerb & Snell 1984; Heyer et al.
1987; Mizuno et al. 1995; Onishi et al. 1996). A list of ∼ 300
Young Stellar Objects (YSOs) derived from multi-wavelength ob-
servations have been compiled by Kenyon & Hartmann (1995), and
this list was compared to the column density distribution of molec-
ular gas by Goldsmith et al. (2008). This list of young stars has been
recently complemented by observations from the Spitzer Space
Telescope (Rebull et al. 2010; Luhman et al. 2010). A comprehen-
sive review of the entire Taurus region is provided by Kenyon et al.
(2008). In this paper, we use the up-to-date list of young stars from
the Spitzer observations, and the list from Kenyon et al. (2008). A
list of Molecular Hydrogen emission-line Objects (MHOs) that in-
cludes the Taurus region has also been recently compiled (Davis
et al. 2010b), and this list is also compared against our data in this
paper.
It should be noted that the FCRAO Taurus Molecular Cloud
survey has an overall rms uncertainty (in T∗A K units) of ∼ 0.58 K
and ∼ 0.26 K in in 12CO and 13CO transitions respectively
(Narayanan et al. 2008). Detecting all outflow sources in Taurus
was never a goal of this survey, nevertheless, the rms sensitivity
levels reached is indeed lower than the original goals of the project,
and this allows us to use this survey to probe for outflows. In this pa-
per, we provide an unbiased search for outflows in the FCRAO Tau-
rus survey, identify their driving sources, evaluate outflow proper-
ties, and compare these properties with those of the driving sources,
and associated molecular cloud environments. The structure of this
paper is as follows. In §2.1, we summarise the observations and de-
scribe our data processing and analysis with respect to the search
criteria to detect outflows, and subsequent analysis of their proper-
ties. In §3, we summarise the main results, and tabulate the proper-
ties of the detected outflows. In §4, we compare the outflows against
the energetics of the driving sources, and the cloud environment. In
§5, we summarise our results.
2 OBSERVATIONS AND DATA PROCESSING
2.1 Observations
Details of the observations, data collection and data processing
steps of the original Taurus Molecular Cloud survey are presented
in Narayanan et al. (2008). Here, for completeness, we describe
the salient details of the dataset. The observations were taken with
the 14 meter diameter millimetre-wavelength telescope and the 32
pixel focal plane array SEQUOIA (Erickson et al. 1999) of the Five
College Radio Astronomy Observatory. The FWHM beam sizes
of the telescope at the observed frequencies are 45′′ (115.271202
GHz) and 47′′ (110.201353 GHz). The main beam efficiencies at
these frequencies are 0.45 and 0.50 respectively as determined from
measurements of Jupiter. Previous measurements of the extended
error beam of the telescope and radome structure were performed
by measuring the disks of the sun and moon, and indicate that there
can be∼ 25% net contribution from extended emission outside the
main beam from a region ∼ 0.5◦ in diameter. The shape of this er-
ror beam is approximately circular, but the amount of contribution
of emission at any given point from this error beam pattern de-
pends on details of the distribution of the emission from the source,
however this contribution is expected to be negligible for outflows.
All data presented here are in T∗A (K), uncorrected for telescope
beam efficiencies. The backends were comprised of a system of
64 auto-correlation spectrometers each configured with 25 MHz
bandwidth and 1024 spectral channels. No smoothing was applied
to the auto-correlation function so the spectral resolution was 29.5
kHz per channel corresponding to 0.076 km s−1 (12CO) and 0.080
km s−1(13CO) at the observed frequencies. The total coverage in
velocity is 65 km s−1 (12CO) and 68 km s−1 (13CO) respectively.
The spectrometers were centred at a vLSR of 6 km s−1.
The Taurus Molecular Cloud was observed over two observ-
ing seasons starting in November 2003 and ending in May 2005.
The 12CO and 13CO lines were observed simultaneously enabling
excellent positional registration and calibration. System tempera-
tures ranged from 350-500 K for the 12CO line and 150-300 K for
the 13CO line.
2.2 Previously Known Outflows and YSOs in Taurus
The list of outflows compiled by Wu et al. (2004) contains 13 out-
flows in the area covered by the FCRAO Taurus survey. In addi-
tion, we found three previously identified outflows that were missed
by Wu et al. (2004). Two of these outflows (IRAS 04169+2702
and IRAS 04302+2247) were from the survey of Bontemps et al.
(1996). The other outflow (IRAS 04240+2559) was discovered by
Mitchell et al. (1994) and is associated with DG Tau. Thus the num-
ber of previously known outflows candidates is 16, and these are
c© 0000 RAS, MNRAS 000, 000–000
Outflows in The Taurus Molecular Cloud 3
given in Table 1. In the last column of this table we describe the
nature of the outflow, whether bipolar or with only red or blue out-
flow, and give appropriate references.
Recently, Davis et al. (2010a) surveyed an approximately one
square degree region of the L1495 region of Taurus in the CO J=3-2
line using HARP on the JCMT. They identify as many as 16 molec-
ular outflow candidates in this region. They confirm the detection
of several well-known outflows and several of their outflows we be-
lieve are part of much larger outflows that will be discussed later.
We note that many of their outflow candidates are identified based
on wing emission at relatively low-velocities (2.5 km s−1) from the
ambient cloud line centre velocity. The velocity field in Taurus is
very complex, which can be seen in the channel maps presented
in Narayanan et al. (2008), and often there are secondary velocity
components that might mimic outflows. Thus the identification of
outflows based on a simple formula without examining the large-
scale environment can be fraught with difficulties. We have not in-
cluded the results of Davis et al. (2010a) in Table 1, but instead,
we have integrated their results into the discussion in our Results
section.
Based on observations of mid and far-infrared bands with the
Spitzer Space Telescope, Rebull et al. (2010) tabulate the properties
of pre-main-sequence objects in Taurus. Their survey covers ∼ 44
deg2, and encompasses most of the highest column density regions
of the Narayanan et al. (2008) study. This Spitzer Survey lists 215
previously known members in Taurus, and they identify and tab-
ulate properties of 148 new candidate members. All 363 of these
YSOs are over-plotted in applicable areas in the plots presented be-
low, with the previously known candidates plotted as red stars, and
new candidate members as red triangles.
We also use the data from the General Catalogue of Herbig-
Haro (HH) objects, 2nd edition compiled by Bo Reipurth1. In ad-
dition, we plot the molecular hydrogen emission-line objects (the
so-called MHOs), which are the shock-excited IR counterparts to
the HH objects from the list compiled by Davis et al. (2010b).
2.3 Data Processing
For all the details of the data processing of the original Taurus sur-
vey, refer to Narayanan et al. (2008). In this paper, we start with
the 88 ’hard-edge’ cubes covering the full 100 square degrees. The
88 hard-edge cubes form a grid of 11 × 8 data cubes. They are
dubbed hard–edge cubes, as they do not have overlapping regions
between two contiguous cubes. Each ’hard-edge’ cube is assem-
bled from a set of input regridded 30′ × 30′ cubes, after removing
the spectral and spatially derived baselines described above from
each cube, and subsequently averaging the data together, weight-
ing them by σ−2, where σ is the rms in the derived baseline. In
angular offsets, the full extent of the combined hard–edge cubes
are (5.75◦, −5.75◦) in RA offsets and (−2.75◦, 5.75◦) in Dec off-
sets from the fiducial centre of the map (α(2000) = 04h32m44.6s,
δ(2000) = 24◦25′13.08′′). Thus for the full 11.5◦ × 8.5◦ region
spaced at 20′′, there are 3,167,100 spectra in each isotopologue in
the combined set of hard–edge cubes. Most of the hard–edge cubes
have a spatial size of 1 square degree, except for the cubes that lie
on the four edges of the region covered, which measure 1.25 square
degrees. The hard–edge cubes at the four corners of the Taurus map
have a size of 1.5625 square degrees (1.25◦ × 1.25◦).
1 http://casa.colorado.edu/hhcat/
2.3.1 Unbiased Search for Outflows
Our unbiased search for outflows from the Taurus Molecular Cloud
Survey was carried out as follows. The systemic velocity of most
of the Taurus emission (from the 13CO data) varies from ∼ 6
to 7 km s−1. So we initially define outflow wings to be at least
3 km s−1 offset from the systemic velocity, and define a blueshifted
outflow velocity range of−1 to 3 km s−1, and a redshifted outflow
velocity range of 9 to 13 km s−1. We make integrated intensity im-
ages of blueshifted and redshifted emission in 12CO in the afore-
mentioned velocities in each of the 88 hard-edge cubes, and over-
lay them both against an integrated intensity image made between
the velocities of 4 to 8 km s−1 in 13CO. Due to the lower opti-
cal depth of the isotopic transition, the integrated intensity in 13CO
at low velocities represents the emission from the ambient cloud
medium. By overlaying the higher velocity linewing emission from
12CO, these plots are meant to reveal the distribution of ambient
gas, and highlight the distribution of any high-velocity redshifted
and/or blueshifted gas that may be present. Many such examples
of these kind of plots will be presented below. When we see any
extended blueshifted or redshifted linewing emission, for any hard
edge cube, we follow it up with other tests to ascertain the presence
of outflows.
In addition to the 88 hard-edged cubes, we have 88 rms im-
ages each in 12CO and 13CO, where these images are derived from
evaluating the rms noise level in spectral windows where no line
emission is present. Propagating errors, it is thus possible to obtain
integrated intensity images along with the corresponding uncertain-
ties at every pixel location in a map. When extended high-velocity
features are seen, we compute average spectra over these regions.
To isolate emission from the presumed outflow lobes, polygonal ar-
eas delineating the presumed outflow lobes are interactively drawn,
and our procedure then obtains average 12CO and 13CO spectra
within these polygonal regions. However, the presence of signifi-
cant emission in the previously defined blueshifted and redshifted
velocity intervals is not a sufficient requirement to identify out-
flows. The velocity structure of the Taurus Molecular Cloud is com-
plex, and in many regions there are additional cloud components
that appear in these velocity intervals which are used to identify
outflows. To distinguish between outflows and secondary velocity
components, we made use of our large maps, and the emission in
both isotopic species. Extended narrow-line features seen in both
12CO and 13CO although in the velocity interval defined as out-
flow emission, are almost certainly secondary cloud components
and not outflows. We have applied a relatively strict set of criteria
in identifying outflow, thus we believe that the outflows in our final
list are in fact true outflows.
When extended blueshifted or redshifted regions of emission
are seen, we follow that by constructing position-velocity (PV) di-
agrams that cut through these regions. The PV cuts are chosen to
cut through the bulk of the redshifted and/or blueshifted emission,
and where available, passing through the YSO that could be the
potential driving source. In these diagrams, outflows usually show
up as horizontal or oblique linear features. Examples of these PV
diagrams will be shown below. Unassociated foreground or back-
ground turbulent cloud components usually show up as vertical
features in PV diagram often offset from the low-velocity ambient
cloud emission of the bulk material of the Taurus Molecular Cloud.
Overlaid on these integrated intensity images, we can plot
the Spitzer sources (Rebull et al. 2010), HH objects, MHO ob-
jects (Davis et al. 2010b), previously identified outflow sources in
Taurus (Table 1), and the newly identified outflow locations from
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. List of Known Outflows in Taurus
Names RA (J2000) Dec (J2000) Comments
IRAS04166+2706 04:19:42.6 27:13:38 Bipolara,b
IRAS04169+2702 04:19:58.4 27:09:57 Bipolara
IRAS04181+2655 (CFHT-19) 04:21:10.53 27:02:06.0 Bipolara
IRAS04239+2436 04:26:56.9 24:43:36 Red Lobe, HH300 flowc
IRAS04240+2559 (DG Tau) 04:27:04.7 26:06:17 Red lobe, optical jetd
IRAS04263+2426 (Haro 6-10) 04:29:23.7 24:32:58 Bipolar flowe
IRAS04278+2435 (ZZ Tau) 04:30:53.0 24:41:40 Red Lobef
TMC 2A 04:31:59.9 24:30:49 bipolar g
L1529 04:32:44.7 24:23:13 not confirmedh,i
IRAS04302+2247 04:33:16.8 22:53:20 bipolara
IRAS04325+2402 (L1535) 04:35:33.5 24:08:15 Redf
IRAS04361+2547 04:39:13.9 25:53:21 Bipolara,j
IRAS04365+2535 (TMC1A) 04:39:34.8 25:41:46 Bipolara,k,l
IRAS04368+2557 (L1527) 04:39:53.3 26:03:06 Bipolara,l,m,n
IRAS04369+2539 (IC 2087) 04:39:58.9 25:45:06 Redf
IRAS04381+2540 (TMC1) 04:41:13.0 25:46:37 Bipolara,k
a) Bontemps et al. (1996); (b) Tafalla et al. (2004); (c) Arce & Goodman (2001); (d) Mitchell et al. (1994);
(e) Stojimirovic´ et al. (2007); (f) Heyer et al. (1987); (g) A complicated region mapped by Jiang et al.
(2002) with a likely bipolar outflow associated with 04292+2422 (Haro 6-13) and possible a second outflow
associated with 04288+2417 (HK Tau); (h) Lichten (1982); (i) Goldsmith et al. (1984); 04292+2422 Haro
6-13; (j) Terebey et al. (1990); (k) Chandler et al. (1996); (l) Tamura et al. (1996); (m) Hogerheijde et al.
(1998); (n) Zhou et al. (1996).
the JCMT HARP survey (Davis et al. 2010a). In the presence of
outflows, the locations of the YSOs and other signposts of star-
formation help identify the driving sources for the outflows.
The analyses described in this paper were all performed en-
tirely in python. The hard-edged cubes were manipulated using
PyFITS2. Plots were made by heavily extending the FITSFigure
class provided by APLpy3. Astronomical utilities such as coor-
dinate transformations, integrated intensity calculations, position-
velocity cuts are all developed in a newly available open-source set
of python utilities called idealpy4.
3 RESULTS
3.1 List of Detected Outflows
In Figure 1, we present the location of detected outflows overlaid on
the molecular hydrogen column density map from Goldsmith et al.
(2008). All Taurus YSOs from Spitzer observations are marked in
the plot. In addition, the list of hitherto known outflows is denoted
in the figure, along with new outflow detections stemming from this
study. In Table 2, we present all 20 detected outflows in this study
with brief comments on each.
The detected outflows are mostly concentrated in regions of
high column density. Individual regions where multiple outflows
can be found can be identified in Figure 1. However, the Heiles
Cloud 2 region in Taurus is especially notable in that the molecular
ring (Schloerb & Snell 1984) is the seat of many YSOs. In this
region, we have detected eight outflows (three of which are new
detections; see Figure 2 for an overview figure of this region). More
2 PyFITS is a product of the Space Telescope Science Institute, which is
operated by AURA for NASA
3 APLpy (Astronomical Plotting Library in Python,
http://aplpy.sourceforge.net)
4 http://idealpy.sourceforge.net/
details of the flows in the Heiles Cloud 2 region are presented later
in this section.
Below we summarise each outflow in more detail.
3.1.1 041149+294226
In the north-west corner of the region covered in our Taurus sur-
vey (see Figure 1), we discover a new bipolar outflow whose driv-
ing source is unknown. We call this outflow with the coordinates
of the position of a likely origin as 041149+294226. There is a
new Spitzer source, 041159+294236 (from Table 4 of Rebull et al.
2010) in the vicinity of this outflow. In Figure 3, which shows a
region ∼ 33′ × 40′ in size, the blueshifted and redshifted inte-
grated intensity contours of 12CO are overlaid on the low-velocity
(4 to 8 km s−1) integrated intensity emission from 13CO (shown
in greyscale). In this figure, and in all subsequent outflow plots,
a variety of symbols representing Spitzer YSOs, HH objects, and
outflow sources known in the past are marked when available (see
the figure caption of Fig 3 for more details). The outflow has a po-
sition angle of∼ 127◦, and appears quite collimated in blueshifted
gas, while the redshifted emission is more diffuse. From the tip of
the blueshifted lobe to the tip of the redshifted lobe, the full extent
of the outflow is 1.6 pc!
The 13CO emission shown in Figure 3 is likely tracing the
column density of ambient gas representing the cloud core. If so, it
appears that the blueshifted gas has broken out of the cloud core,
while the redshifted gas from the outflow may be directed into the
bulk of the ambient cloud core. The Spitzer source 041159+294236
lies close to the axis of the bipolar outflow and is the only known
YSO in this field. However, 041159+294236 is a Class III object,
thus as we discuss later, unlikely to be the driving source of this
outflow. It is more likely that an hitherto undetected embedded ob-
ject is the driving source. A position-velocity (p-v) diagram derived
along this solid line marked in Figure 3 is shown in Figure 4, where
the zero offset position is marked by a yellow dot as the possible lo-
cation of the driving source in Figure 3. The p-v diagram shows the
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Figure 1. Locations of YSOs and outflow sources in the Taurus Molecular Cloud. The grey scale shows the molecular hydrogen column density map presented
in Goldsmith et al. (2008). Red stars show the location of previously known YSOs in Taurus (from Table 4 of Rebull et al. 2010), while red triangles show the
location of newly identified YSOs in Taurus (from Spitzer observations and Table 5 of Rebull et al. 2010). Yellow diamonds represent the location of known
outflows catalogued in Table 1. Blue squares show the location of previously known outflows identified in this survey, while green circles denote new outflows
that have been detected in this current survey.
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Figure 2. Overview contour map of blueshifted and redshifted gas about a 78′ × 85′ region approximately centred on IC2087, where eight distinct outflows
can be seen (individual outflows are called out with arrows). The grey scale shows the 13CO integrated intensity map. See Figure 3 for details on symbols and
markers. Overlaid on the gray-scale 13CO image, 12CO blueshifted integrated intensity (within velocity interval -1 to 3.9 km s−1) is shown in blue dashed
contours, and redshifted integrated intensity (8.2 to 13 km s−1) is shown in red solid contours. Blueshifted contours range from 0.64 to 2.7 in steps of 0.075
K km s−1, and redshifted contours range from 0.64 to 8.4 in steps of 0.075 K km s−1.
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Table 2. List of detected Outflows
S.No Name RA Dec New YSO Comments
(J2000) (J2000) Detection Classa
1. 041149+294226 04:11:49.0 29:42:30 Y – Bipolar, closely associated
with new Spitzer source 041159+294236
2. IRAS04113+2758 04:14:25.2 28:02:21 N I Red only
3. IRAS04166+2706 04:19:42.6 27:13:38 N I Bipolar, much longer than
previously known
4. IRAS04169+2702 04:19:58.4 27:09:57 N I Bipolar
5. FS TAU B 04:22:00.7 26:57:32 Y I Red Lobe only and maybe
seen in Davis et al. (2010a)
6. IRAS04239+2436 04:26:56.9 24:43:36 N I Red
7. IRAS04248+2612 04:27:57.7 26:19:19 Y F Red Lobe, Optical Flow seen in
Gomez et al. (1997)
8. Haro 6-10 04:29:23.7 24:32:58 N I Bipolar
9. ZZ Tau IRS 04:30:53.0 24:41:40 N F Red Lobe, first detected by
Heyer et al. (1987)
10. Haro 6-13 04:31:50.9 24:24:18 Y F Red
11. IRAS04325+2402 04:35:33.5 24:08:15 N I Red
12. HH 706 flow 04:39:11.4 25:25:16 Y – Bipolar
13. HH 705 flow 04:39:06.7 26:20:29 Y – Bipolar
14. IRAS04361+2547 04:39:13.9 25:53:21 N I Bipolar
15. TMC1A 04:39:34.8 25:41:46 N I Blue
16. L1527 04:39:53.3 26:03:06 N I Bipolar
17. IC2087 IR 04:39:58.9 25:45:06 N F Red
18. TMC-1 North 04:39:59.1 26:19:36 Y – Blue
19. TMC1 04:41:13.0 25:46:37 N I Bipolar
20. 045312+265655 04:53:12.1 26:56:55 Y – Bipolar
a) From classification of Rebull et al. (2010) when driving source is identified. F indicates Flat spectrum source, which is intermediate
between Class I and Class II.
extended blueshifted line wings due to the outflow but only weak
redshifted emission. In Figure 5, we show the average spectra (in
both 12CO and 13CO) obtained towards the regions defined by the
red and blue polygons in Figure 3. Broad emission marking the out-
flow can be seen in the averaged spectra, however the high velocity
blueshifted emission is much more prominent than the high veloc-
ity redshifted emission. Figures 4 and 5 indicate that the redshifted
lobe is not as prominent as the blueshifted one in this source. But,
averaged spectra in smaller localized regions of the redshifted lobe
do show evidence of redshifted line wings. In general, instead of us-
ing just one line of evidence, we use the combination of integrated
intensity, position-velocity plots and averaged spectra to identify
outflow lobes.
3.1.2 IRAS 04113+2758
The first evidence of high velocity gas in this region was provided
by Moriarty-Schieven et al. (1992) who surveyed the J=3-2 CO
line toward a number of YSOs. Toward IRAS 04113+2758 they
detected a CO line with a total velocity extent of 40.3 km s−1, the
largest of any source in their survey. Recently, Davis et al. (2010a)
mapped the region with the JCMT as part of the Legacy Survey of
the Gould Belt with HARP. Their maps revealed several possible
outflows in this regions, including a bipolar outflow with an ill-
defined morphology associated with what they call YSO 1/2. We
believe YSO 1/2 is coincident with IRAS 04113+2758 (Kenyon
et al. 2008).
In Figure 6, we show our map of the redshifted emission in
a ∼ 25′ × 30′ region about IRAS 04113+2758. The locations
of three other possible outflows identified by Davis et al. (2010a)
in this region, W-CO-B1, W-CO-flow1 and IRAS 04108+2803A,
are denoted by cyan-coloured circles in this figure. The red-
shifted high velocity emission that we detect is found toward IRAS
04113+2758. The detection of blueshifted emission is complicated
by the presence of a second velocity component at VLSR ∼ 4
km s−1 that is found extending from the south-west corner of Fig-
ure 6 to the centre of this Figure. The spectra shown in Figure 9
obtained to the south-east of IRAS 04113+2758 shows this sec-
ond velocity component in both 12CO and 13CO emission. Little
blueshifted emission is detected blue-ward of the feature as can be
seen in Figure 6. We believe that the two blue only outflows (W-
CO-B1 and IRAS 04108+2803A) found by Davis et al. (2010a) in
this region may be result of the confusion with this widespread sec-
ondary velocity component. We note that IRAS 04108+2803 was
part of the Moriarty-Schieven et al. (1992) survey, and they de-
tected a relatively narrow line suggesting this is unlikely an outflow
source.
The source CW Tau is located north-west of IRAS
04113+2758. This source has a small optical emission-line jet
(Gomez de Castro 1993; Dougados et al. 2000) oriented north-west
to south-east. A long slit spectrum (Hirth et al. 1994) found that the
south-east jet is blueshifted while the north-west jet is redshifted.
Thus, it is very unlikely that CW Tau is the source of the redshifted
molecular emission seen in this region.
The p-v diagram shown in Figure 7 shows the high veloc-
ity redshifted emission as well as secondary blue velocity com-
ponent. The averaged spectra within the polygon marked in Fig-
ure 8 shows these same features. We note that the spectrum ob-
tained by Moriarty-Schieven et al. (1992) shows very high velocity
blue shifted emission and the data presented in Davis et al. (2010a)
also indicates a small region of blueshifted emission near IRAS
04113+2758. We conclude that the outflow associated with IRAS
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Figure 3. Contour map of blueshifted and redshifted gas around the Spitzer
source 041159+294236. The grey scale shows the 13CO integrated intensity
map. In this and all subsequent outflow maps, the 13CO integrated intensity
map is always made for a velocity range of 4 to 8 km s−1(representing the
low velocities associated with the ambient cloud emission). In this and all
subsequent outflow maps, if present, red stars show the location of previ-
ously known YSOs in Taurus (from Table 4 of Rebull et al. 2010), while
red triangles show the location of newly identified YSOs in Taurus (from
Spitzer observations and Table 5 of Rebull et al. 2010). When available,
green hexagons represent locations of known HH objects, and cyan circles
represent the locations of claimed outflows from Davis et al. (2010a). Over-
laid on the gray-scale 13CO image, 12CO blueshifted integrated intensity
(within velocity interval -1 to 4.2 km s−1) is shown in blue dashed con-
tours, and redshifted integrated intensity (8.75 to 13 km s−1) is shown in
red solid contours. Blueshifted contours range from 0.45 to 2.2 in steps of
0.075 K km s−1, and redshifted contours range from 0.5 to 2.3 in steps of
0.075 K km s−1. In this and other subsequent contour maps, a straight line
representing a cut for the position-velocity diagram will be shown followed
by a position velocity diagram (for this figure, it is Figure 4), and the yel-
low circle represents the point representing the origin in the Y-axis of Fig 4.
Again, in this figure and all subsequent figures, the blue and red polygons
show the regions defined as the blueshifted and redshifted lobes of the out-
flow, whose average spectra are shown in a figure showing spectra that will
follow (for this source, Figure 5).
04113+2758 is likely bipolar, however in our data the blueshifted
outflow is too confused by the secondary blue velocity component
of the cloud to confirm.
3.1.3 IRAS 04166+2706
An outflow was first detected in the IRAS 04166+2706 region by
Bontemps et al. (1996). This outflow was clearly bipolar, however
the small map made by these authors, less than 100 × 100 arcsec-
onds, did not show the full extent of the outflow. A larger map was
made by Tafalla et al. (2004) in the CO J=2-1 line and it showed the
outflow to be highly collimated with extremely high velocities. The
full angular extent of the outflow as mapped by Tafalla et al. (2004)
was about 6 arcminutes, and emission was detected over the veloc-
ity range of VLSR = -50 to 50 km s−1. More recently Santiago-
Garcı´a et al. (2009) mapped the outflow with the IRAM interfer-
ometer in the CO J=2-1 and SiO J=2-1 lines. Their images revealed
two components to the outflow, a low velocity conical shell that sur-
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Figure 4. Position velocity of 12CO emission towards 041149+294226 re-
gion, through the slice shown in Figure 3 at a position angle of 127◦. The
contour range is 0.125 to 2.8 K in steps of 0.3 K. Shown in dashed line is
the position of the yellow circle shown in Fig 3.
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Figure 5. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted(left) and redshifted (right)
lobes of the outflow in the 041149+294226 region shown in Fig 3. The
temperature scale in this and other spectra shown in this paper is in T∗A.
rounds a high velocity jet. This bipolar outflow was also detected
in the survey by Davis et al. (2010a).
In Figure 10, we show blueshifted and redshifted emission in
a 26′×30′ region around IRAS 04166+2706 region, superimposed
on the low-velocity 13CO emission in gray-scale. The adjacent out-
flow associated with IRAS 04169+2702 (see §3.1.4) is also seen
quite clearly. The outflow towards IRAS 04166+2706 in our data
is much larger than previously detected. The overall length of the
outflow is 28′ (∼ 1.2 pc)! The p-v diagram produced along the line
marked in Fig 10 is shown in Figure 11. Our observations are not
sufficiently sensitive to detect the extremely high velocity or the in-
termediate high velocity emission that was detected by Tafalla et al.
(2004). We only detect the emission they labeled as standard high
velocity emission. The p-v diagram also shows that the highest ve-
locity red and blueshifted emission is found to be substantially dis-
placed along the outflow axis from IRAS 04166+2706. In fact, the
highest velocity emission detected in our map is well beyond the
maps presented in either Tafalla et al. (2004) or Santiago-Garcı´a
et al. (2009).
Averaged spectra within the polygons defining the red-
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Figure 6. Contour map of blueshifted and redshifted gas around IRAS
04113+2758. See Figure 3 for details on symbols and markers. 12CO
blueshifted integrated intensity is within -1 to 2 km s−1 and redshifted inte-
grated intensity is within 9 to 13 km s−1. Blueshifted contours range from
0.45 to 1.9 in steps of 0.075 K km s−1, and redshifted contours range from
0.45 to 3.3 in steps of 0.075 K km s−1.
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Figure 7. Position velocity of 12CO emission towards the IRAS
04113+2758 region, through the slice at position angle of 52◦ shown in
Figure 6. The contour range is 0.3 to 4.5 K in steps of 0.3 K. Shown in
dashed line is the position of the yellow circle shown in Fig 6.
shifted and blueshifted outflow emission associated with the IRAS
04166+2706 outflow (see Figure 10) are shown in Figure 12. Both
redshifted and blueshifted emission are readily seen in these av-
eraged spectra, however even in the averaged spectra, the velocity
extent corresponds to what Tafalla et al. (2004) labeled as standard
high velocity emission.
3.1.4 IRAS 04169+2702
The CO J=3-2 survey of Moriarty-Schieven et al. (1992) provided
the first evidence of high velocity gas towards IRAS 04169+2702.
They measured a total velocity extent of 25.4 km s−1. Bontemps
et al. (1996) showed this to be a bipolar outflow in the small map
they made in the CO J=2-1 line. The small region they surveyed
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Figure 8. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes in the IRAS 04113+2758 region shown in Fig 6. The temperature
scale is in T∗A.
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Figure 9. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blue-shifted component at RA of 04:13:40
and Dec of 28:00:00 in the IRAS 04113+2758 region shown in Fig 6. The
temperature scale is in T∗A.
only partially mapped the extent of this outflow. The survey of
Davis et al. (2010a) covered this region, but they only detected
the redshifted emission. However the angular extent of their red-
shifted emission was much larger than that shown in Bontemps
et al. (1996). Davis et al. (2010a) suggested a possible second red
only outflow about 4 arcminutes south of IRAS 04169+2702 which
they labeled SE-CO-R1.
Figure 10 shows the full extent of this outflow detected in our
survey. This bipolar outflow is approximately 12 arcminutes in ex-
tent, much larger than previously measured. Gomez et al. (1997)
identified three HH knots (HH 391A, B, and C) that extend ap-
proximately 4.5 arcminutes south of IRAS 04169+2702, these lie
well beyond the extend of the outflow shown in Bontemps et al.
(1996), but lie within the blueshifted molecular outflow emission
defined by our data. We see no evidence for the redshifted outflow
SE-CO-R1 found by Davis et al. (2010a).
The p-v diagram along a line passing through IRAS
04169+2702 is shown in Figure 13 and shows clearly the bipolar
nature of this outflow. The averaged spectra obtained within the
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Figure 10. Contour map of blueshifted and redshifted gas around IRAS
04166+2706 and IRAS 04169+2702. See Figure 3 for details on symbols
and markers. 12CO blueshifted and redshifted integrated intensity are for
velocities of -1 to 4.0 km s−1 and 9 to 13 km s−1 respectively. Blueshifted
contours range from 0.35 to 4.3 in steps of 0.075 K km s−1, and redshifted
contours range from 0.5 to 4.1 in steps of 0.075 K km s−1.
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Figure 11. Position velocity of 12CO emission towards the IRAS
04166+2706 region, through the slice at position angle of 123◦ through
the location of 04166+2706 shown in Figure 10. The contour range is 0.13
to 3.5 K in steps of 0.3 K. Shown in dashed line is the position of the yellow
circle shown in Fig 10.
polygons associated with this outflow also show clearly the high
velocity redshifted and blueshifted emission.
3.1.5 FS Tau B
This molecular outflow was first identified by Davis et al. (2010a).
They detected redshifted only emission near FS Tau A/B. Previ-
ously, images of Hα and [S II] emission obtained by Eislo¨ffel &
Mundt (1998) revealed a striking bipolar outflow associated with
FS Tau B. Besides the presence of two conical reflection nebulae,
a jet and counter jet were detected originating from FS Tau B. The
blueshifted jet was directed toward the northeast, while the red-
shifted counter jet was directed toward the southwest. In addition,
a bow-shock feature was found associated with the blueshifted jet
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Figure 12. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes in the IRAS 04166+2706 region shown in Fig 10. The temperature
scale is in T∗A.
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Figure 13. Position velocity of 12CO emission towards the IRAS
04169+2702 region, through the slice at p.a. of 120◦ through the location of
04169+2702 shown in Figure 10. The contour range is 0.1 to 4.3 K in steps
of 0.3 K. Shown in dashed line is the position of the yellow circle shown in
Fig 10.
and a string of blueshifted HH-objects that extend approximately
6 arcminutes to the north-east of FS Tau B. Davis et al. (2010a)
assumed FS Tau B as the source of the molecular outflow they de-
tected.
Our map of the redshifted and blueshifted emission in this re-
gion is presented in Figure 15. In addition to the redshifted emis-
sion centred on FS Tau B, seen by Davis et al. (2010a), we find
blueshifted emission to the north-east. The blueshifted emission is
located along the string of HH-objects found by Eislo¨ffel & Mundt
(1998). We believe the red and blueshifted emission to be all part
of a large bipolar molecular outflow which shares the same position
angle and velocity bipolarity as the optical jets from FS Tau B.
A p-v diagram of the outflow along a line through FS Tau B is
shown in Figure 16. This p-v diagram shows much more prominent
blueshifted emission than redshifted emission. In Figure 17 aver-
aged spectra within the polygons marked in Figure 15 are shown
and again in these averaged spectra the blueshifted emission is
much more obvious than the redshifted emission.
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Figure 14. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes in the IRAS 04169+2702 region shown in Fig 10. The temperature
scale is in T∗A.
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Figure 15. Contour map of blueshifted and redshifted gas about a 30′×30′
region near FS-Tau B. See Figure 3 for details on symbols and markers.
12COblueshifted and redshifted integrated intensity is for velocities of -1
to 4.1 km s−1 and 7.8 to 12 km s−1 respectively. Blueshifted contours
range from 0.45 to 3.1 in steps of 0.075 K km s−1, and redshifted contours
range from 0.45 to 3.1 in steps of 0.075 K km s−1.
3.1.6 IRAS04239+2436
The CO J=3-2 spectrum obtained by Moriarty-Schieven et al.
(1992) toward IRAS 04239+2436 had a full velocity width of 24.7
km s−1, suggesting the presence of a molecular outflow. This re-
gion was mapped by Arce & Goodman (2001) and they detected a
redshifted only molecular outflow that is associated with the large
HH 300 optical outflow (Reipurth et al. 1997). Our map of the out-
flow emission shown in Figure 18 shows a structure very similar to
that found by Arce & Goodman (2001). The p-v diagram in Fig 19
shows a broadening due to the outflow. The averaged spectra in this
region presented in Figure 20 shows high velocity redshifted emis-
sion and little evidence for any high velocity blueshifted emission.
Arce & Goodman (2001) suggest that the blue-shifted com-
plement of this outflow is obscured due to contamination from
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Figure 16. Position velocity of 12CO emission towards the FS Tau B region,
through the slice at p.a. of 146◦ shown in Figure 15. The contour range is
0.12 to 3.5 K in steps of 0.3 K. Shown in dashed line is the position of the
yellow circle shown in Fig 15.
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Figure 17. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted lobes
(right) in the FS Tau B region shown in Fig 15. The temperature scale is
in T∗A.
emission from another molecular cloud along the line of sight. We
can confirm the presence of a strong 12CO and 13CO peak at ∼ 5
km s−1 (see Fig 20), which might obscure the detection of a blue-
shifted wing towards this source.
3.1.7 IRAS04248+2612
The outflow associated with IRAS 04248+2612 (also called HH31
IRS2) is newly detected. The distribution of high velocity CO emis-
sion is shown in Figure 21. The only prominent outflow emission
is redshifted, and this emission extends to the southeast of IRAS
04248+2612. Associated with the redshifted emission is a string of
HH objects (HH 31A-I) that extend to about 5 arcminutes to the
south-east of the IRAS source Gomez et al. (1997). A position-
velocity diagram obtained along the line marked in Figure 21 is
presented in Figure 22 and shows the prominent redshifted emis-
sion slightly offset from IRAS 04248+2612. The averaged spectra
in the polygons marked in Figure 21 are shown in Figure 23. Al-
though the spectrum Moriarty-Schieven et al. (1992) obtained to-
ward the IRAS source does not show very broad emission, we see
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Figure 18. Contour map of blueshifted and redshifted gas about a 40′×45′
region near IRAS04239+2436. See Figure 3 for details on symbols and
markers. 12CO blueshifted and redshifted integrated intensity is for veloc-
ities of 0 to 3.4 km s−1 and 7.9 to 12 km s−1 respectively. Blueshifted
contours range from 0.36 to 1.8 in steps of 0.075 K km s−1, and redshifted
contours range from 0.36 to 3.72 in steps of 0.075 K km s−1.
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Figure 19. Position velocity of 12CO emission towards the IRAS-
4239+2436 region, through the slice at p.a. of 135◦ shown in Figure 18.
The contour range is 0.15 to 3.95 K in steps of 0.3 K. Shown in dashed line
is the position of the yellow circle shown in Fig 18.
clearly redshifted emission in the averaged spectrum. We also se-
lected a region to the north-west of IRAS 04248+2612 to obtain
an averaged blue spectrum, and this spectrum shows a distinct fea-
ture at approximately 4.5 km s−1 also seen in the p-v plot. Whether
this is an unrelated velocity feature or connected to the outflow is
impossible to tell, however this feature is not detected in 13CO.
3.1.8 Haro 6-10
The first evidence for high velocity gas in this region was provided
by a snap-shot interferometer survey by Terebey et al. (1989). A
small map of this region in the J=3-2 line of CO was made by
Hogerheijde et al. (1998) and revealed a bipolar outflow. This re-
gion was subsequently mapped more extensively by Stojimirovic´
et al. (2007) in the CO J=1-0 line and a large bipolar outflow was
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Figure 20. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted lobe (left) and redshifted lobe
(right) towards the outflow in the IRAS04239+2436 region shown in Fig 18.
The temperature scale is in T∗A.
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Figure 21. Contour map of blueshifted and redshifted gas about a 40′×45′
region near IRAS04248+2612. See Figure 3 for details on symbols and
markers. 12CO blueshifted and redshifted integrated intensity is for veloc-
ities of 0 to 3.6 km s−1 and 8.1 to 13 km s−1 respectively. Blueshifted
contours range from 0.43 to 2.0 in steps of 0.075 K km s−1, and redshifted
contours range from 0.43 to 6.6 in steps of 0.075 K km s−1.
detected. This outflow is associated with a giant Herbig-Haro flow
centred on Haro 6-10 (Devine et al. 1999). Haro 6-10 is also called
GV Tau.
Figure 24 shows the redshifted and blueshifted emission in
this region from our data. The distribution of high velocity emission
is very similar to what was found by Stojimirovic´ et al. (2007). The
position-velocity map along the cut marked in Figure 24 is pre-
sented in Figure 25 and shows weak redshifted and blue shifted
outflow emission. The polygon averaged spectra, shown in Fig-
ure 26, also show evidence for weak high velocity redshifted and
blueshifted emission.
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Figure 22. Position velocity of 12CO emission towards the IRAS-
4239+2612 region, through the slice at p.a. of 45◦ shown in Figure 21.
The contour range is 0.15 to 3.95 K in steps of 0.3 K. Shown in dashed line
is the position of the yellow circle shown in Fig 21.
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Figure 23. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow in the IRAS04248+2612 region shown in Fig 21. The
temperature scale is in T∗A.
3.1.9 IRAS 04278+2435 (ZZ Tau IRS)
Extended high velocity redshifted emission was found in the region
around IRAS 04278+2435 by Heyer et al. (1987) and they associ-
ated this monopolar outflow with the pre-main sequence star ZZ
Tau. The catalogue of YSOs of Kenyon et al. (2008) lists both ZZ
Tau AB and ZZ Tau IRS (IRAS 04278+2435) that are separated by
less than 1 arcminute, and either, based on the morphology of the
outflow, may be the origin of this flow. This outflow has a distinct
redshifted velocity feature similar to that seen in the L1551 IRS 5
outflow (Snell et al. 1980), and as in L1551 IRS 5 may be evidence
for a swept-up shell. Their map revealed little evidence for any sig-
nificant blueshifted emission. Gomez et al. (1997) detected a [SII]
emission knot (HH 393) in this region and argue that ZZ Tau IRS
is the most likely driving source for this outflow.
Our map of the high velocity emission is shown in Figure 27.
We detect only redshifted emission and the morphology of this
emission is similar to that found by Heyer et al. (1987). A position-
velocity map along the line marked in Figure 27 is shown in Fig-
ure 28 where the distinct velocity feature at about 11 km s−1 can
be readily seen. Averaged spectra are shown in Figure 29 which
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Figure 24. Contour map of blueshifted and redshifted gas about a 15′×15′
region near Haro 6-10. See Figure 3 for details on symbols and markers.
12CO blueshifted and integrated intensity are for velocities of 0 to 3.5
km s−1 and 8.5 to 12 km s−1 respectively. Blueshifted contours range
from 0.39 to 1.7 in steps of 0.075 K km s−1, and redshifted contours range
from 0.39 to 2.3 in steps of 0.075 K km s−1.
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Figure 25. Position velocity of 12CO emission towards the Haro 6-10 re-
gion, through the slice at p.a. of 136◦ shown in Figure 24. The contour
range is 0.1 to 4.3 K in steps of 0.3 K. Shown in dashed line is the position
of the yellow circle shown in Fig 24.
shows clear high velocity redshifted emission. A polygon was se-
lected where we might expect blueshifted emission to be present
and the averaged spectra shows some evidence for high velocity
blueshifted emission that may indicate that this is a asymmetrical
bipolar outflow.
3.1.10 Haro 6-13
TMC-2A is one of the Taurus cloud cores identified by Myers
et al. (1983) and in the vicinity of this core are four IRAS sources,
three known to be associated with pre-main sequence stars (Kenyon
et al. 2008): 04288+2417 (HK Tau), 04292+2422 (Haro 6-13)
and 04294+2413 (FY/FZ Tau). Both 04288+2417 and 04292+2422
were studied by Heyer et al. (1987), Myers et al. (1988) and
Moriarty-Schieven et al. (1994) and all found little evidence for
high velocity gas toward these sources. Recently, Jiang et al. (2002)
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Figure 26. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow towards the Haro 6-10 region shown in Fig 24. The
temperature scale is in T∗A.
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Figure 27. Contour map of blueshifted and redshifted gas about a 15′ ×
15′ region near ZZ Tau. See Figure 3 for details on symbols and markers.
12CO blueshifted and redshifted integrated intensity is for velocities of 0 to
3.5 km s−1 and 8.5 to 12 km s−1 respectively. Blueshifted contours range
from 0.42 to 1.7 in steps of 0.075 K km s−1, and redshifted contours range
from 0.42 to 2.8 in steps of 0.075 K km s−1.
mapped the CO J=3-2 emission in this region and found extended
high velocity emission. The most prominent high velocity emis-
sion forms a bipolar outflow roughly centred on IRAS 04292+2422
(Haro 6-13). This outflow was labeled TMC2A in the catalogue of
Wu et al. (2004). The outflow emission is complicated and Jiang
et al. (2002) suggest that there may be multiple outflows in the re-
gion.
Our map of the high velocity red and blue emission is shown
in Figure 30 and the distribution of high velocity emission is similar
to that presented in Jiang et al. (2002). A large bipolar outflow is
clearly present and Haro 6-13, although slightly offset to the south-
east of the centroid of the outflow, is most likely the driving source
for this outflow. The redshifted gas is much more prominent than
the blueshifted gas and that can be better seen in the p-v diagram
0 2 4 6 8 10 12 14
Velocity (km/s)
−4
−2
0
2
4
6
A
rc
m
in
 O
ff
se
t
Figure 28. Position velocity of 12CO emission towards the ZZ Tau region,
through the slice at p.a. of 40◦ shown in Figure 27. The contour range is
0.13 to 3.93 K in steps of 0.3 K. Shown in dashed line is the position of the
yellow circle shown in Fig 27.
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Figure 29. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the presumed blueshifted (left) and redshifted
(right) lobes of the outflow towards the ZZ Tau region shown in Fig 27. The
temperature scale is in T∗A.
shown in Figure 31. Averaged spectra are shown in Figure 32 which
reveal relatively low velocity outflow emission.
The redshifted and blueshifted features near the Class 0 object
HK Tau are suggestive of an outflow (see Figure 30), but do not
meet our criteria for being an outflow.
3.1.11 IRAS 04325+2402
This outflow is located in the L1535 cloud and was first detected
and mapped in the CO J=1-0 line by Heyer et al. (1987). Only red-
shifted high velocity emission was detected in this outflow, how-
ever the outflow is quite large with an angular size of about 15
arcminutes. IRAS 04325+2402 is at the apex of this one-sided out-
flow. This source was in the survey of Moriarty-Schieven et al.
(1992), who found a total line width of 13.9 km s−1.
Our map of the high velocity emission is shown in Figure 33.
We detect only redshifted emission and the morphology of the out-
flow is very similar to that found by Heyer et al. (1987). The proto-
stellar source IRAS 04325+2402 is assumed to be the origin of this
outflow. This protostellar source is complex with at least two com-
c© 0000 RAS, MNRAS 000, 000–000
14 Narayanan et al.
4h31m00s20s40s32m00s20s40s
RA (J2000)
+24°20'00"
25'00"
30'00"
35'00"
40'00"
45'00"
D
e
c 
(J
2
0
0
0
)
HH 319
HH 319D
HH 319A
HH 319B
HH 319C
Haro 6-13
HK Tau AB 3
4
5
6
Figure 30. Contour map of blueshifted and redshifted gas about a 25′ ×
25′ region near HK Tau. See Figure 3 for details on symbols and markers.
12CO blueshifted and redshifted integrated intensity is for velocities of 0 to
4.0 km s−1 and 8.5 to 12 km s−1 respectively. Blueshifted contours range
from 0.39 to 1.83 in steps of 0.075 K km s−1, and redshifted contours range
from 0.4 to 4.0 in steps of 0.075 K km s−1.
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Figure 31. Position velocity of 12CO emission towards the HK Tau region,
through the slice at p.a. of 60◦ shown in Figure 30. The contour range is
0.13 to 3.93 K in steps of 0.3 K. Shown in dashed line is the position of the
yellow circle shown in Fig 30.
ponents and a complex bipolar scattered light nebula (Hartmann
et al. 1999). Sources A/B are located at the apex of the bipolar
nebula, however its orientation is not consistent with the molecu-
lar outflow. Hartmann et al. (1999) suggest that the expected out-
flow from a fainter component C may be better aligned with the
monopolar molecular outflow.
In Figure 34 a position-velocity map along the line marked in
Figure 33 shows the prominent redshifted outflow emission. The
redshifted outflow has a distinct secondary velocity feature at 8
km s−1 located approximately 13 arcminutes north-west of IRAS
04325+2402. This feature may be part of shell-like structure, simi-
lar to the ZZ Tau outflow. Averaged spectra, shown in Figure 35,
show clearly the high velocity redshifted outflow and only very
weak evidence for any blueshifted emission.
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Figure 32. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow towards the HK Tau region shown in Fig 30. The tem-
perature scale is in T∗A.
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Figure 33. Contour map of blueshifted and redshifted gas about a 25′×25′
region near IRAS04325+2402. See Figure 3 for details on symbols and
markers. 12CO blueshifted and redshifted integrated intensity is for veloc-
ities of -1 to 3.8 km s−1 and 8.5 to 12 km s−1 respectively. Blueshifted
contours range from 0.43 to 2.1 in steps of 0.075 K km s−1, and redshifted
contours range from 0.43 to 2.5 in steps of 0.075 K km s−1.
3.1.12 HH 706 Outflow
A newly discovered bipolar outflow is found associated with the
Herbig-Haro object HH 706 (Sun et al. 2003). We have labeled this
molecular outflow HH 706 Outflow, as we were unable to identify
in the Spitzer catalogue any source that might drive this outflow.
See the overview figure of the Heiles Cloud 2 region in Figure 2
for the location of the HH 706 flow in this region. The distribution
of redshifted and blueshifted gas toward HH 706 is shown in Fig-
ure 36. The blueshifted emission is much more extended than the
redshifted emission and HH 706 is located at the centre of the re-
gion of strong redshifted high velocity emission. A p-v plot along
the axis shown in Figure 36 is presented in Figure 37. The p-v plot
shows prominent redshifted emission, while the blueshifted out-
flow has lower velocity and is less well delineated. The averaged
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Figure 34. Position velocity of 12CO emission towards the
IRAS04325+2402 region, through the slice at p.a. of 40◦ shown in
Figure 33. The contour range is 0.11 to 5.1 K in steps of 0.3 K. Shown in
dashed line is the position of the yellow circle shown in Fig 33.
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Figure 35. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards IRAS04325+2402 region shown in
Fig 33. The temperature scale is in T∗A.
spectra shown in Figure 38 show weak high velocity redshifted and
blueshifted emission.
3.1.13 HH 705 Outflow
The bipolar molecular outflow associated with HH 705 (Sun et al.
2003) is newly discovered. The distribution of redshifted and
blueshifted emission is shown in Figure 39. The Herbig-Haro ob-
ject HH 705 is located at the centroid of this bipolar outflow. Mc-
Groarty & Ray (2004) suggested that HH 705 could be associated
with HV Tau C, however more recent proper motion measurements
(McGroarty et al. 2007) seem to rule out this possibility. The proper
motion measurements show that the four knots that compose HH
705 are moving to the south and southwest with velocities varying
from 100 to 300 km s−1. There is also [SII] and Hα emission that
extends nearly 2 arcminutes south of HH 705 McGroarty & Ray
(2004). Further south along the bipolar outflow axis lies HH 831
and HH 832 (McGroarty & Ray 2004), however the proper motion
vectors for HH 831A are directly westward, while those for HH
831B are directed southeast (McGroarty et al. 2007). It is unclear
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Figure 36. Contour map of blueshifted and redshifted gas about a 35′×45′
region centred at RA of 04:39:35 and Dec of 25:25:16. See Figure 3 for de-
tails on symbols and markers. 12CO blueshifted and redshifted integrated
intensity are for velocities of -1 to 4.0 km s−1 and 8 to 13 km s−1 re-
spectively. Blueshifted contours range from 0.59 to 2.7 in steps of 0.075
K km s−1, and redshifted contours range from 0.59 to 9.4 in steps of 0.075
K km s−1.
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Figure 37. Position velocity of 12CO emission towards the HH706 region,
through the slice at p.a. of 0◦ shown in Figure 36. The contour range is 0.1
to 5.3 K in steps of 0.2 K. Shown in dashed line is the position of the yellow
circle shown in Fig 36.
whether these Herbig-Haro objects are related to this large bipolar
outflow. The driving source for the large molecular outflow and HH
705 is unknown. We have labeled this molecular outflow HH 705
Outflow.
The p-v plot along the axis defined in Figure 39 is shown in
Figure 40. The bipolar nature of this outflow can be clearly seen
as well as its large extend of nearly 20 arcminutes. The averaged
spectra in the two polygons are shown in Figure 41 and also show
clearly the high velocity blueshifted and redshifted gas associated
with this outflow.
3.1.14 TMR-1 (IRAS 04361+2547)
Based on their small interferometer map of the CO J=1-0 emis-
sion, Terebey et al. (1990) were first to detect an outflow associated
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Figure 38. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards HH706 region shown in Fig 36. The tem-
perature scale is in T∗A.
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Figure 39. Contour map of blueshifted and redshifted gas about a 35′×45′
region centred at RA of 04:39:07 and Dec of 26:17:20. See Figure 3 for de-
tails on symbols and markers. 12CO blueshifted and redshifted integrated
intensity are for velocities of -1 to 3.9 km s−1 and 8.3 to 13 km s−1 re-
spectively. Blueshifted contours range from 0.57 to 2.3 in steps of 0.075
K km s−1, and redshifted contours range from 0.57 to 3.5 in steps of 0.075
K km s−1.
IRAS 04361+2547, which they labeled TMR-1. In the J=3-2 CO
line toward this source, Moriarty-Schieven et al. (1992) measured
a total line-width of 14.7 km s−1. A region larger than that observed
by Terebey et al. (1990) was mapped by Bontemps et al. (1996) in
the CO J=2-1 line and Hogerheijde et al. (1998) in the CO J=3-2
line, and these studies revealed that this outflow was extended on
angular scales of at least 2 arcminutes, however no clear bipolar
morphology was seen. Terebey et al. (1998) resolved TMR-1 into
a binary (TMR-1AB) that is surrounded by extended nebulosity.
Near infrared images of this region (Petr-Gotzens et al. 2010) re-
veal nebulosity extended south-east and north-west of IMR-1. Near
infrared spectra of the emission to the south-east shows emission
lines of molecular hydrogen which Petr-Gotzens et al. (2010) in-
terpret as shocked excited. Thus there is strong evidence for a ex-
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Figure 40. Position velocity of 12CO emission towards the HH705 region,
through the slice at p.a. of 85◦ shown in Figure 39. The contour range is
0.1 to 5.3 K in steps of 0.2 K. Shown in dashed line is the position of the
yellow circle shown in Fig 39.
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Figure 41. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards HH705 region shown in Fig 39. The tem-
perature scale is in T∗A.
tended shocked gas emission directed to the southeast of TMR-
1AB.
Our map of the high velocity redshifted and blueshifted emis-
sion is shown in Figure 42. We detect primarily blueshifted emis-
sion associated with this outflow, similar to the maps of Bontemps
et al. (1996) and Hogerheijde et al. (1998), although the outflow
emission is somewhat more extended. We also see weak blueshifted
emission extending to the east of TMR-1, however it is unclear
whether this is related to the TMR-1 outflow. The p-v plot along
the direction marked in Figure 42 is shown in Figure 43. Promi-
nent blueshifted emission is seen, but no evidence is seen for red-
shifted emission. Likewise the averaged spectra show blueshifted
emission, but no sign of redshifted emission. The redshifted emis-
sion shown in the plots of Bontemps et al. (1996) is for a velocity
range of 6 to 8.6 km s−1 that may be strongly contaminated by the
ambient cloud emission.
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Figure 42. Contour map of blueshifted and redshifted gas about a 20′×20′
region centred at RA of 04:39:44 and Dec of 25:56:00. See Figure 3 for de-
tails on symbols and markers. 12CO blueshifted and redshifted integrated
intensity are for velocities of -1 to 4.1 km s−1 and 8.1 to 13 km s−1 re-
spectively. Blueshifted contours range from 0.63 to 3.0 in steps of 0.075
K km s−1, and redshifted contours range from 0.63 to 5.6 in steps of 0.075
K km s−1. Three outflows are seen in the figure, those due to TMR1, L1527
and IC2087 (the latter being the central big redshifted lobe).
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Figure 43. Position velocity of 12CO emission towards the TMR1 region,
through the slice at p.a. of 85◦ shown in Figure 42. The contour range is
0.12 to 5.32 K in steps of 0.2 K. Shown in dashed line is the position of the
yellow circle shown in Fig 42.
3.1.15 L1527 (IRAS 04368+2557)
IRAS 04368+2557 is also called L1527 IRS (Kenyon et al. 2008).
As in many of these outflows, the first evidence for high velocity
gas came from the CO J=3-2 survey of Moriarty-Schieven et al.
(1992) who found a total line width of 19.4 km s−1 towards this
source. Subsequent maps by Bontemps et al. (1996), Tamura et al.
(1996) and Zhou et al. (1996) revealed a small bipolar outflow
oriented east-west. More extensive mapping by Hogerheijde et al.
(1998) showed that the bipolar outflow had an angular extent of ap-
proximately 4 arcminutes, much larger than was suspected from the
earlier observations. Their outflow map showed significant overlap
between the redshifted and blueshifted high velocity emission im-
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Figure 44. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards the TMR1 region shown in Fig 42. The
temperature scale is in T∗A.
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Figure 45. Position velocity of 12CO emission towards the L1527 region,
through the slice at p.a. of 0◦ through L1527 shown in Figure 42. The con-
tour range is 0.1 to 5.3 K in steps of 0.2 K. Shown in dashed line is the
position of the yellow circle shown in Fig 42.
plying a large inclination angle as was first suggested by Tamura
et al. (1996).
There is also evidence for an optical jet from this source based
on the emission line nebulosity located east of L1527 IRS Eiroa
et al. (1994). A series of Herbig-Haro objects (HH 192 A,B,C) are
located on either side of L1527 IRS oriented east-west along the
molecular outflow axis (Gomez et al. 1997). L1527 IRS is also
known to have a flattened, nearly edge on disk seen in molecular
emission (Ohashi et al. 1997) and in scattered light imaging (Tobin
et al. 2010).
Our map of the high velocity emission is shown in the top
part of Figure 42. We see a bipolar outflow oriented east-west with
a morphology and angular size similar to that seen in Hogerhei-
jde et al. (1998). An east-west p-v plot is presented in Figure 45
showing a clear bipolar signature. Averaged spectra are shown in
Figure 46 and along with the p-v plot reveal weak and relatively
low velocity outflow emission.
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Figure 46. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards the L1527 region shown in Fig 42. The
temperature scale is in T∗A.
3.1.16 IRAS 04369+2539 (IC 2087 IR)
Heyer et al. (1987) first detected high velocity redshifted emission
associated with IRAS 04369+2539. Their maps revealed a one-
sided, redshifted only outflow with an angular extent of 14 arcmin-
utes. An extended reflection nebula, IC 2087, is associated with this
source and the YSO is often refered to as IC 2087 IR. Also asso-
ciated with this outflow are the two Herbig-Haro objects HH 395A
and HH 395B (Gomez et al. 1997) located approximately 2 arcmin
north-east of IC 2087 IR. The relationship of these Herbig-Haro
objects to the outflow is unclear.
Our map of the high velocity redshifted and blueshifted emis-
sion is shown in Figure 47. The distribution of redshifted out-
flow emission is very similar to that shown in Heyer et al. (1987).
A p-v plot along the axis through IC 2087 IR, marked in Fig-
ure 47 is shown in Figure 48 and shows prominent redshifted emis-
sion. Spectra averaged within the polygons shown in Figure 47 are
shown in Figure 49, and like the p-v plot, show prominent red-
shifted emission and little evidence for blueshifted high velocity
emission.
3.1.17 IRAS 04365+2535 (TMC-1A)
This outflow is located in the TMC 1A core, hence its name. The
first evidence for high velocity gas was provided in the snap-shot
interferometer survey by Terebey et al. (1989). This sources was
observed by Moriarty-Schieven et al. (1992), who found a total
line width of 29.8 km s−1 in the CO J=3-2 line, however the line
was asymmetrical with much higher blueshifted velocities than red-
shifted. Tamura et al. (1996), Chandler et al. (1996), Bontemps
et al. (1996) and Hogerheijde et al. (1998) all mapped this region
revealing an outflow centred on the IRAS source and extended on
angular scales of at least 2 arcminutes. The outflow is bipolar, how-
ever the redshifted emission is very weak.
Our map of the high velocity emission is shown in the same
figure as the IC 2087 outflow (see Figure 47, and is the small out-
flow to the bottom right). We detect only blueshifted emission. This
outflow is very small with weak emission and is near our threshold
for outflow detection. A p-v plot is shown in Figure 50 and aver-
aged spectra in Figure 51, and in both figures only weak blueshifted
emission is detected.
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Figure 47. Contour map of blueshifted and redshifted gas about a 25′×25′
region centred at RA of 04:39:45 and Dec of 25:49:00. Two outflows, IC
2087 and TMC1A can be seen in the figure. See Figure 3 for details on
symbols and markers. 12CO blueshifted and redshifted integrated intensity
are for velocities of -1 to 3.9 km s−1 and 8.2 to 13 km s−1 respectively.
Blueshifted contours range from 0.66 to 2.7 in steps of 0.075 K km s−1,
and redshifted contours range from 0.66 to 5.4 in steps of 0.075 K km s−1.
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Figure 48. Position velocity of 12CO emission towards the IC2087 region,
through the slice at p.a. of 65◦ through IRAS 04369+2539 shown in Fig-
ure 42. The contour range is 0.12 to 5.32 K in steps of 0.2 K. Shown in
dashed line is the position of the yellow circle shown in Fig 47.
3.1.18 TMC-1 North Outflow
We have detected a new outflow with a striking blueshifted emis-
sion north of the core TMC-1. The outflow is located approxi-
mately 12 arcminutes east of HH 705 Outflow and 20 arcminutes
north of IC 2087 IRS (see Figure 2). We label this outflow TMC-1
North Outflow. A map of the high velocity emission is shown in
Figure 52. This blueshifted only outflow is highly collimated and
has an angular extent of nearly 20 arcminutes. There is no known
YSO in the vicinity, thus the source of this outflow is unknown.
We have chosen a position at the south end of the outflow as the
outflow centroid, and this position is given in Table 2. This posi-
tion is close to one of the high extinction regions from the data of
Padoan et al. (2002) and shown in To´th et al. (2004). We show a
p-v plot along the path marked in Figure 52 in Figure 53 and this
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Figure 49. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards the IC2087 region shown in Fig 47. The
temperature scale is in T∗A.
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Figure 50. Position velocity of 12CO emission towards the TMC1A region,
through the slice at p.a. of 75◦ through IRAS 04365+2535 shown in Fig-
ure 47. The contour range is 0.12 to 4 K in steps of 0.15 K. Shown in dashed
line is the position of the yellow circle shown in Fig 47.
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Figure 51. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards the TMC1A region shown in Fig 47. The
temperature scale is in T∗A.
4h39m00s30s40m00s30s41m00s
RA (J2000)
+26°06'00"
12'00"
18'00"
24'00"
30'00"
36'00"
D
e
c 
(J
2
0
0
0
)
HH 192 HH 834
HH 705
HH 831BH 831A
HH 832
3
4
5
6
Figure 52. Contour map of blueshifted and redshifted gas about a 35′×35′
region in the region around TMC-1 North. See Figure 3 for details on sym-
bols and markers. 12CO blueshifted and integrated intensity are for veloc-
ities of -1 to 4.1 km s−1 and 8.1 to 13 km s−1 respectively. Blueshifted
contours range from 0.6 to 2.5 in steps of 0.075 K km s−1, and redshifted
contours range from 0.6 to 3.6 in steps of 0.075 K km s−1.
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Figure 53. Position velocity of 12CO emission towards the TMC-1 North
region, through the slice at p.a. of 80◦ shown in Figure 42. The contour
range is 0.12 to 5.32 K in steps of 0.2 K. Shown in dashed line is the position
of the yellow circle shown in Fig 52.
plot shows clear evidence for high velocity blueshifted emission.
The averaged spectra are shown in Figure 54, again clear evidence
is seen for high velocity blueshifted gas, however in the polygon
south of the chosen outflow centroid, no redshifted emission is de-
tected.
3.1.19 IRAS 04381+2540 (TMC 1)
IRAS 04381+2540 is located in the TMC 1 core. Evidence for high
velocity gas was first found by Moriarty-Schieven et al. (1992) who
measured a total line width of 36.6 km s−1 in the CO J=3-2 line
toward this source. This region was subsequently mapped by Bon-
temps et al. (1996). Chandler et al. (1996) and Hogerheijde et al.
(1998) who all found a small bipolar outflow centred on this IRAS
source with an angular extent of about 1.5 arcminutes. Infrared
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Figure 54. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards the TMC-1 North region shown in Fig 52.
The temperature scale is in T∗A.
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Figure 55. Contour map of blueshifted and redshifted gas about a 45′×45′
region centred on TMC1. See Figure 3 for details on symbols and markers.
12CO blueshifted and redshifted integrated intensity are for velocities of
-1 to 4.1 km s−1 and 8. to 13 km s−1 respectively. Blueshifted contours
range from 0.61 to 2.8 in steps of 0.075 K km s−1, and redshifted contours
range from 0.61 to 4.4 in steps of 0.075 K km s−1.
imaging (Apai et al. 2005; Terebey et al. 2006) reveal a narrow
jet and a wide-angle conical outflow cavity. The jet, first seen by
Gomez et al. (1997), is directed nearly due north of the YSO.
Our maps of the high velocity emission are shown in Figure 55
and reveal an outflow much more spatially extended than previous
maps. The outflow near the central source is nearly north-south, but
the redshifted emission is extended nearly 20 arcminutes from the
central source and curves to the south-east. The blueshifted emis-
sion is much weaker and the morphology of this part of the outflow
poorly determined. The p-v plot along the line marked in Figure 55
is shown in Figure 56. The p-v plot shows the extended nature of
the redshifted lobe of the outflow, however it misses some of the
more intense regions of redshifted and blueshifted emission. The
averaged spectra shown in Figure 57 shows clearly the redshifted
outflow emission, but the blueshifted emission is much weaker.
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Figure 56. Position velocity of 12CO emission towards the TMC1 region,
through the slice at p.a. of 65◦ shown in Figure 42. The contour range is
0.12 to 5.32 K in steps of 0.2 K. Shown in dashed line is the position of the
yellow circle shown in Fig 55.
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Figure 57. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards the TMC1 region shown in Fig 55. The
temperature scale is in T∗A.
3.1.20 Source 045312+265655
Our outflow search process yielded a surprising detection of a pos-
sible outflow at RA of 04:43:12 and Dec of 26:56:55 (J2000). We
call this outflow Source 045312+265655. Figure 58 shows a map of
the high velocity emission towards this region. There are no known
YSOs in this area, although it is very likely that the Spitzer sur-
vey did not cover this particular region. This outflow is curious in a
variety of ways. There is little ambient gas around to sweep up as
there is almost no detectable 13CO emission. The position velocity
diagram shown in Figure 59 reveals a canonical outflow signature.
The averaged spectra in the blue and redshifted polygonal regions
(Figure 60) show high velocity wings in blue and redshifted gas. So
it is no wonder that our outflow detection algorithm picked up this
source. But it is very atypical in that we cannot attribute any known
driving source for this outflow. Moreover, it is hard to conceive how
a YSO could even form in such low column density regions.
This region in the north-east section of the Taurus Molecular
Cloud is the same region studied by Heyer et al. (2008), where they
found the low column density substrate of gas with striations of
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Figure 58. Contour map of blueshifted and redshifted gas about a 20′×20′
region centred on RA 04:53:12 and Dec 26:56:55. No detectable 13CO
emission greater than 10 sigma is detected in this region. See Figure 3
for details on symbols and markers. 12CO blueshifted and redshifted inte-
grated intensity are for velocities of -1 to 4.3 km s−1 and 7.8 to 13 km s−1
respectively. Blueshifted contours range from 0.6 to 2. in steps of 0.075
K km s−1, and redshifted contours range from 0.6 to 2.4 in steps of 0.075
K km s−1.
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Figure 59. Position velocity of 12CO emission towards the region shown
in Figure 58, through the slice at p.a. of 155◦ shown in that figure. The
contour range is 0.12 to 5.32 K in steps of 0.2 K. Shown in dashed line is
the position of the yellow circle shown in Fig 58.
elevated 12CO gas that is well aligned with local magnetic field
direction.
3.2 Outflows Not Detected
There are a number of previously identified outflows that were not
detected in our survey. From the outflows in Table 1, we were un-
able to detect four of these even though they were within the re-
gion surveyed (IRAS 04181+2655, IRAS 04240+2559, L1529 and
IRAS 04302+2247).
The outflow, IRAS 04181+2655 (CFHT-19), is a bipolar out-
flow first detected by Bontemps et al. (1996). The recent obser-
vations by Davis et al. (2010a) confirm the presence of a bipolar
outflow in this region, which in Table 2 of their paper is labeled
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Figure 60. Average Spectra of 12CO emission (blue solid lines) and 13CO
(green dashed lines) towards the blueshifted (left) and redshifted (right)
lobes of the outflow seen towards the region shown in Fig 58. The tem-
perature scale is in T∗A.
J04210795+2702204. This outflow is small and has relatively weak
emission. The detections by Bontemps et al. (1996) and Davis et al.
(2010a) were made in the CO J=2-1 and CO J=3-2 lines respec-
tively. For warm, optically thin emission, as may be expected for
outflows, the emission in these higher rotational transitions of CO
should be stronger than in the CO J=1-0 line used in our survey. It
is likely that this outflow is below our detection threshold.
Similarly, the redshifted only molecular outflow IRAS
04240+2559, detected by Mitchell et al. (1994), and associated
with DG Tau, has very weak emission even in the CO J=3-2 line
used in their study. We note that the CO J=3-2 spectrum obtained
toward this source by Moriarty-Schieven et al. (1992) had very
broad wings and had a total velocity extent of 29.9 km s−1, so there
is little doubt that an outflow is present. As in IRAS 04181+2655,
this outflow must be below our detection threshold.
The L1529 outflow was detected by Lichten (1982) in the CO
J=1-0 emission. He found high velocity emission toward two posi-
tions with full velocity extents as large as 30 km s−1. The highest
velocity emission was found in a region about 8 arcminutes south-
east of Haro 6-13. This region was subsequently studied by Gold-
smith et al. (1984) and their observations of the CO J=1-0 line did
not confirm the presence of high velocity emission, although their
sensitivity was sufficient to readily detect the high velocity emis-
sion reported by Lichten (1982). We also found no evidence for an
outflow in our survey, so this outflow has never been confirmed and
it’s existence is doubtful.
Finally, IRAS 04302+2247, which was mapped by Bontemps
et al. (1996) in the CO J=2-1 line, was not detected in our survey.
Their small map revealed a bipolar outflow with an irregular geom-
etry. As in previous outflows, the emission is very weak and likely
below our detection limit.
In addition to the outflows in Table 1, a number of additional
outflow candidates were found by Davis et al. (2010a) in their CO
J=3-2 map of the L1495 region. The outflows E-CO-R1, E-CO-
R2, SE-CO-R1, SE-CO-R2, SE-CO-flow1, CFHT-21 and SE-CO-
B1 were not identified as outflows in our survey.
3.3 Summary of Masses, Energy, etc.
To understand the effects of a molecular outflow in its immediate
environment, it is important to calculate the mass, momentum, and
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mechanical energy output of the outflows as accurately as possible.
The availability of both 12CO and 13CO data allow us to mitigate
some issues that typically can cause rather large uncertainties in the
estimation of the physical properties of outflows. One major issue
is the confusion of the slow-moving parts of the outflow with the
“ambient” gas at low velocities that are not part of the outflow. By
judging the velocity extent of 13CO emission (which because of its
lower abundance is predominantly seen only in the higher column
density ambient gas), we try to avoid the ambient gas contamination
by simply eliminating any emission at “low velocities”. That means
that our mass and energetics are only lower limits, since we are
probably missing outflowing gas projected to lower velocities with
respect to the cloud’s LSR. Another major source of uncertainty in
determining physical properties is the unknown inclination of the
outflow axis to the plane of the sky. This problem is much harder to
deal with. There are many methods of inclination correction in the
outflow literature. The most robust method is to use proper motion
studies of HH objects in the flow. Since most of our flows do not
have corresponding HH objects, and proper motion studies do not
exist for many of these flows, we chose to present the physical data
of outflows uncorrected for inclination effects.
Table 3 lists the mass, momentum, energy, length and dynam-
ical timescale of blue and redshifted lobes of the detected outflows.
Our algorithm for the calculation of column densities is the same as
that presented in Goldsmith et al. (2008). In the polygonal regions
of the outflow contour figures presented above, we derive column
density using both 12CO and 13CO for each pixel, and derive total
blue-shifted and red-shifted column densities (after correcting for
the relative antenna main beam efficiencies at each frequency, 0.5
and 0.45 respectively for 13CO and 12CO). We use an excitation
temperature of 25 K. Our assumption of excitation temperature (25
K) could be lower or higher than the real value. For example, in Sto-
jimirovic´ et al. (2006), using the ratio of J=3-2 to J=1-0 of 12CO,
they estimate an excitation temperature of 16.5 K for outflowing
gas. Using this lower temperature will decrease the estimates of
mass, momentum and energy by a factor of 1.3. However, Hirano
& Taniguchi (2001) show that it is not uncommon for outflow-
ing molecular gas to have excitation temperatures in the 50–100
K range. Using these higher values would increase our estimate of
the outflow mass, momentum and energy by a factor of 1.7 to 3.1
for excitation temperature of 50 and 100 K respectively.
We also assume a 12CO to 13CO abundance ratio of 65, and
an abundance of H2 to 12CO of 1.1 × 104. Column densities are
then converted to mass using the distance to Taurus of 140 pc (Elias
1978). Momentum and kinetic energy are estimated from average
velocities in each lobe. The length of the outflow lobe is derived
from the presumed driving source and the furthest extent of the
contours shown in the figures. The dynamical timescale in Table 3
is derived simply from the length and the average velocity of the
gas in each lobe.
It should be noted that the mass, momentum and energy listed
in Table 3 are strictly lower limits, as there are several effects that
have not been taken into account, which if properly estimated,
would increase these quantities. The main effects that make our
estimates lower limits can be listed as follows, and is similar to the
arguments presented in Arce et al. (2010). We probably are missing
a rather large fraction of low-velocity outflowing gas in our effort
to avoid contamination with ambient cloud emission. We assign a
factor of 2 for this unaccounted outflow emission. We are not cor-
recting for angle of inclination effects. But if we assume that the
average outflow is tilted by 45◦ to the plane of the sky, then the
momentum and energy are to be scaled up by factors of 1.4 and 2
respectively. Combining the factor of 2 due to missing outflowing
gas at lower velocities and the factor of 2 due to inclination, the to-
tal scaling factor for outflow lobe momentum and energy will be as
large as a factor of 2.8 and 4 respectively. So it may be fair to multi-
ply the momentum and energy values listed in Table 3 by a factor of
2.8 and 4 respectively (however, the uncorrected numbers are listed
in the Table). Assuming the average outflow is tilted by 45◦, we can
ignore any correction for the calculation of the dynamic age, tdyn,
since the correction for distance in the numerator and velocity in
the denominator in estimating tdyn cancel out.
4 DISCUSSION
4.1 Parsec Scale Outflows in Taurus
A somewhat surprising result in the study of HH flows from young
stars using larger format CCD cameras in the 1990s was that many
of these flows could extend to many parsecs from the driving source
(e.g. Bally & Devine 1994; Reipurth et al. 1998). When large-
scale millimetre wavelength molecular line mapping is performed,
many molecular outflows were shown to extend to parsec scales,
as well (e.g. Bence et al. 1996; Wolf-Chase et al. 2000; Arce et al.
2010). However, such millimetre wavelength mapping studies have
been hampered by the large amounts of observational time required
to adequately complete the projects. Hitherto, in most studies of
molecular outflows from YSOs, even for the non parsec-scale ones,
mapping of the flow has been done primarily in the main isotope of
12CO, with some opacity correction applied using pointed observa-
tions of 13CO.
With the advent of large-format heterodyne focal plane arrays
like SEQUOIA (Erickson et al. 1999), it is now possible to make
sensitive, large spatial extent, high spatial and velocity resolution
maps at millimetre wavelengths that were hitherto not possible with
finite amounts of observing time (Ridge et al. 2006; Narayanan
et al. 2008). With the 100 square degree area covered by the Tau-
rus Molecular Cloud Survey, it becomes possible to study the true
extent of molecular outflows in this region. Knowledge of the true
extent of outflows will in turn allow a more accurate assessment
of the impact of outflows from YSOs on feedback mechanisms in
molecular clouds, the role that outflows play in pumping and main-
taining turbulence in these clouds.
Of the 20 outflows listed in Table 3, 8 outflows (40%) have
a combined length of redshifted and blueshifted lobes that are
greater than 1 pc in length. These 8 parsec-scale outflows have
an average length of 1.37 pc. Four of these parsec-scale flows,
041159+294236, IRAS04248+2612, Haro 6-13, and HH 706 flow
are new outflow detections. Even when the outflow is previously
known and studied, our results indicate that they are considerably
longer than previously suspected.
For example, in IRAS 04166+2706 (see Figure 10), the entire
extent of the outflow previously studied in great detail by Santiago-
Garcı´a et al. (2009) is only a few arcminutes in length, and their
maps are confined to regions close to the driving source. In this lat-
ter study, using high angular resolution data derived from interfer-
ometer and single-dish data, the authors are able to distinguish the
detailed kinematic information for the oppositely directed winds
and the swept-up shells. But what is being missed in the study by
Santiago-Garcı´a et al. (2009) is the mammoth scale of the 04166
outflow much beyond the region that they studied.
Our results suggest that a more careful census of outflowing
gas using large-scale mapping studies such as done here will elu-
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Table 3. Outflow Mass, Velocity and Energy estimates
S.No Name Lobe vavg Mass Momentum Energy Length tdyn Lflow
km s−1 M Mkm s−1 ×1043 (ergs) pc 105 yrs ×1030 (ergs/s)
1. 041149+294226 Blue 5.3 0.077 0.41 2.15 1.0 1.9 3.6
Red 5.0 0.046 0.23 1.13 0.55 1.1 3.3
2. IRAS 04113+2758 Blue - - - - - - -
Red 4.3 0.018 0.08 0.32 0.25 0.6 1.7
3. IRAS 04166+2706 Blue 5.0 0.044 0.22 1.10 0.67 1.3 2.7
Red 4.5 0.027 0.12 0.54 0.50 1.1 1.6
4. IRAS 04169+2702 Blue 4.9 0.039 0.19 0.94 0.35 0.7 4.3
Red 4.6 0.012 0.06 0.26 0.23 0.5 1.7
5. FSTAU B Blue 5.0 0.016 0.08 0.39 0.55 1.1 1.1
Red 3.4 0.005 0.02 0.06 0.17 0.5 0.4
6. IRAS 04239+2436 Blue - - - - - - -
Red 3.3 0.094 0.31 1.02 1.24 3.7 0.9
7. IRAS 04248+2612 Blue 5.4 0.016 0.08 0.45 0.64 1.2 1.2
Red 3.4 0.14 0.47 1.58 0.54 1.6 3.1
8. Haro 6-10 Blue 4.4 0.005 0.02 0.10 0.17 0.4 0.8
Red 4.2 0.02 0.09 0.35 0.44 1.0 1.1
9. ZZ Tau IRS Blue - - - - - - -
Red 4.4 0.023 0.10 0.44 0.30 0.7 2.0
10. Haro 6-13 Blue 3.7 0.050 0.18 0.67 0.71 1.9 1.1
Red 4.6 0.163 0.74 3.36 0.55 1.2 8.9
11. IRAS04325+2402 Blue - - - - - - -
Red 4.5 0.077 0.35 1.56 0.83 1.8 2.8
12. HH 706 flow Blue 4.4 0.087 0.38 1.67 0.88 2.0 2.7
Red 4.6 0.112 0.52 2.36 0.48 1.0 7.5
13. HH 705 flow Blue 4.5 0.014 0.06 0.27 0.46 1.0 0.9
Red 4.8 0.062 0.29 1.39 0.43 0.9 4.9
14. IRAS04361+2547 Blue 4.4 0.012 0.05 0.23 0.20 0.5 1.5
Red 4.7 0.006 0.03 0.12 - - -
15. TMC1A Blue 4.5 0.002 0.01 0.04 0.07 0.2 0.6
Red 4.7 0.004 0.02 0.09 0.07 0.1 2.9
16. L1527 Blue 4.4 0.004 0.02 0.07 0.12 0.3 0.7
Red 4.7 0.006 0.03 0.13 0.15 0.3 1.4
17. IC2087 IR Blue 4.5 0.001 0.01 0.02 - - -
Red 4.7 0.135 0.63 2.94 0.65 1.4 6.7
18. TMC-1 North Blue 4.4 0.042 0.19 0.81 0.56 1.3 2.0
Red 4.7 0.017 0.08 0.36 - - -
19. TMC1 Blue 4.4 0.038 0.17 0.72 0.78 1.3 1.8
Red 4.6 0.094 0.43 1.98 1.0 2.1 3.0
20. 045312+265655 Blue 4.3 0.003 0.01 0.05 0.14 0.3 0.5
Red 4.5 0.007 0.03 0.13 0.21 0.5 0.8
cidate the true scales and reaches of molecular outflows and their
impacts on GMCs.
4.2 Statistics of Outflows and Young Stars in Taurus
We have detected 20 outflow sources in the Taurus Molecular
Cloud of which 8 are new identifications. Given that our sensitiv-
ity limits prevent the identification of at least 3 other sources (see
§3.2), we can postulate that there are at least 23 outflow sources in
Taurus. The Spitzer map of Taurus (Rebull et al. 2010), while not
covering all of the mapped Taurus Molecular Cloud, has 215 YSOs
in the previously known candidate list, and 148 new YSOs as newly
identified candidates. In the Rebull et al. (2010) catalogue, YSOs
are classified as Class I, Flat, Class II or Class III based on the
slope of the spectral energy distribution (SED). Since Spitzer ob-
servations cannot distinguish Class 0 objects from Class I (and the
most embedded Class 0 objects may not be detected by Spitzer), we
can assume that the Class I and Flat spectrum sources represent the
most embedded and youngest population of YSOs, with the Class I
objects forming the younger subset. Of the Spitzer detected YSOs,
there are 48 Class I objects and 33 Flat spectrum objects. There are
thus 81 total embedded objects in a list of 363 YSOs (∼ 22%) in
the Spitzer catalogue.
Of the 23 outflow sources in Taurus, 18 can be associated with
known Spitzer identifications, and their spectral classification can
be derived. Table 2 lists this SED class in the YSO class column.
The remaining 5 outflow sources are all new detections from this
study, and all but one (045312+265655), are in the regions cov-
ered by Spitzer, so the Spitzer non-detection of the driving sources
might imply that these are Class 0 sources. The three non-detected
outflows of this study (see §3.2) are all classified as Class I sources.
Of the 18 outflows with identified driving sources, 14 are Class I
objects, and 4 are Flat spectrum objects. We conclude from this
that∼ 30% of Class I sources and∼ 12% of Flat spectrum sources
in Taurus have outflows. Recently, a comprehensive list of known
Class 0 protostars was compiled (Froebrich 2005), and the list
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is being actively maintained as a Class 0 database online5. This
list contains five Class 0 protostars in the Taurus region surveyed:
B213 (what they refer to as PS041943.00+271333.7, which is also
IRAS04166+2706), L1521-F IRS, IRAS 04248+2417 (HK Tau),
IRAS 04325+2402 (L1535) and IRAS 04368+2557 (L1527). Of
these five sources, three of the objects, IRAS04166+2706, L1535
and L1527 are outflows detected in this study. In the Spitzer clas-
sification of Rebull et al. (2010), HK Tau (IRAS 04248+2417) is
actually classified as a Class II object, which is also confirmed by
recent Akari observations (Aikawa et al. 2012). Stapelfeldt et al.
(1998) using Hubble Space Telescope observations found HK Tau
to be an edge-on disk, which may explain its mis-classification as
a Class 0 object in the online database. So we drop HK Tau from
the list of Class 0 objects in Taurus. L1521-F IRS is known to be a
very low-luminosity source which is probably a very young Class 0
object (Terebey et al. 2009). We detect no outflow towards L1521-
F. We conclude that 75% of known Class 0 objects in Taurus have
outflows.
But what could explain the non-detection of outflows towards
63 other Spitzer-detected embedded Class I and Flat spectrum
sources in Taurus? It is possible that our sensitivity limits and our
relatively coarse angular resolution prevents the identification of
small-scale, low intensity flows. But it is more likely that these
63 embedded sources without outflows represent an older popu-
lation, where the swept-up molecular outflows have slowed down
to ambient cloud velocities, and are hence not detectable in high-
velocity wings. The mean dynamic age of the outflows in our study
is 1.1×105 years, with the maximum being 3.7×105 years. When
compared against the average lifetime of about 5 × 105 years for
the Class I protostellar phase (Evans et al. 2009), the non-detection
of outflows in a large number of Class I and Flat spectrum sources
in Taurus could mean that molecular outflows are a short-lived phe-
nomenon marking the youngest phase of protostellar life.
4.3 Turbulence in Molecular Cloud and Outflows as
Injection Mechanism
The sources of turbulent motions in molecular clouds have been
intensely debated over the past three decades (see for e.g. from
Larson 1981; Heyer & Brunt 2004). At larger scales, kinetic en-
ergy injection from supernovae and galactic differential rotation
can provide sources of turbulent energy. At smaller scales, stellar
feedback in the form of HII regions, radiatively driven winds, and
accretion-driven outflows are believed to be the sources of turbulent
energy. The question of what powers the turbulence is important.
However, questions on the so-called injection scale of turbulence,
and whether there is in fact more than one injection scale where
energy is deposited into the turbulent spectrum are equally impor-
tant. Another unanswered question is what sustains the turbulence
in the parsec and sub-parsec scale clumps. It is clear that the tur-
bulence needs to be driven continually over timescales longer than
the crossing time either internally using stellar feedback processes,
or externally using some cascade down process from the ISM.
A very different question from the origin of turbulent mo-
tions in star-forming clouds is the role that turbulence provides
during the star-formation process. In the absence of turbulent sup-
port, most of the mass within a given structure, be it a GMC, cloud
or core, would collapse into stars within one free-fall time with
an efficiency per free fall time, ff approaching 1 (see Krumholz
5 http://astro.kent.ac.uk/protostars/
& McKee 2005; McKee & Ostriker 2007, for definition of ff ).
However, direct observations provide very low values of ff ranging
from 0.01 to 0.1 in GMCs and substructures (Krumholz & McKee
2005; Krumholz & Tan 2007). This low value of ff may be due to
internal kinetic support provided by turbulent motions against col-
lapse. So outflows can play an important role by providing local
turbulent feedback in regulating star forming efficiency, quite apart
from the question of whether outflows are an important contributor
of the global energy budget of turbulence at the molecular cloud
level (Arce et al. 2010).
Arce et al. (2010) used the COMPLETE data obtained towards
Perseus in the 12CO and 13CO transitions with the same angular
resolution as this study to gauge the effect of outflows on cloud
turbulence, feedback, star-formation efficiency, and the role out-
flows play in the disruption of the parent clouds. This latter study on
Perseus can be gainfully compared against the outflow study pre-
sented here in Taurus, and contrast the effect of outflows in these
two nearby star-forming clouds.
In order to estimate the cloud-wide contribution of outflows
in Taurus to turbulence, we can compare the total outflow energy
to an estimate of the Taurus Molecular Cloud’s turbulent energy.
Given that star-forming clouds exhibit evidence for turbulence be-
ing maintained in some way, a better method to assess the impor-
tance of outflows in driving turbulence is to compare the total out-
flow energy rate into the cloud, i.e. the total outflow luminosity,
with the energy rate needed to maintain the turbulence in the gas.
We can estimate the outflow luminosity by dividing the outflow
energy with its corresponding dynamical timescale, tdyn (from Ta-
ble 3). There is considerable uncertainty in the determination of
this dynamical timescale. To derive the dynamical timescale of out-
flows, we need a good identification of the driving source, and a
measurement of the velocities of the shocks associated with the
outflow. Another method to determine dynamical ages, as used in
Arce et al. (2010) is to simply use an average value between median
jet dynamical timescales of 3× 103 yrs and the average lifetime of
a typical Class I protostar stage of ∼ 0.5 Myr (Evans et al. 2009).
In our analysis, we choose to use the direct estimate of the dynam-
ical timescale derived from the molecular outflow, recognising that
there could be an uncertainty of order 2 or so when accounting for
the inclination correction.
In order to estimate the turbulent energy dissipation rate, we
need an estimate of the timescale for the dissipation of magne-
tohydrodynamic (MHD) turbulence. This latter number has been
theoretically estimated by several authors, and is given in the nu-
merical study of Mac Low (1999) as: tdiss ∼ ( 3.9κMrms )tff , where
κ = λd/λJ , the ratio of driving wavelength to the Jean’s length of
the region, and Mrms is the Mach number of the turbulence, i.e. the
ratio of turbulence velocity dispersion to the sound speed. For the
same reasons specified in Arce et al. (2010), we assume κ = 1 and
Mrms = 10. Using the known expression for tff , we get:
tdiss = 0.39pi
√
R3reg
8GMreg
, (1)
as an expression of the dissipation timescale, where Mreg and Rreg
are the mass and radius of the region under consideration respec-
tively.
The H2 mass of the entire Taurus region mapped in Narayanan
et al. (2008) was estimated by Pineda et al. (2010) to be 1.5× 104
M. We adopt a linewidth of 2 km s−1 based on the average 13CO
FWHM of typical regions of Taurus. The turbulent energy of the
cloud can then estimated usingEturb = (3/(16 ln 2))Mcloud∆v2,
which with the above values gives 3.2×1047 ergs. Summing up the
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energy from the detected outflows in Table 3 yields 3× 1044 ergs.
Even if we scale up the energy by a factor of 4 (see explanation
in §3.3), we see that the Taurus Molecular Cloud has ∼ 270 times
more turbulent energy than the kinetic energy of all outflows in Tau-
rus. Using an effective radiusR ∼ 13.8 pc for the entire 100 square
region of Taurus, and using equation 1, the dissipation rate for tur-
bulence for the entire Taurus Molecular Cloud is 2.7 × 106 years.
The rate of turbulent dissipation is Lturb = 3.8 × 1033 ergs s−1.
Summing up the outflow luminosities from Table 3 yields a net out-
flow luminosity, Lflow of 8×1031 ergs s−1. Multiplying the outflow
luminosity again by a factor of 4, we see that the turbulent energy
dissipation rate is a factor of 12 greater than the net luminosity of
all outflows in Taurus. This indicates that outflows by themselves
cannot account for and sustain all the turbulence in Taurus.
Given that several previously known outflows have not been
detected in this study (see §3.2), it is worth asking if our survey
could be missing enough outflows to alter the energy deficit of
outflows versus turbulence in Taurus. Bontemps et al. (1996) list
an upper limit of ∼ 0.16 × 10−5 Mkm s−1yr−1 for the out-
flows IRAS 04181+2655 and IRAS 04302+2247, both of which
are missed in our study. We can estimate from Table 3 a momentum
flux of ∼ 0.1 × 10−5 Mkm s−1yr−1 for our weakest candidate
outflow, 045312+265655. We estimate that even if we missed 20
of these lower momentum flux outflows in Taurus in our survey,
the resultant energy is equivalent to one of our brighter sources, so
the missing sources clearly do not have enough energy to tip the
imbalance of turbulent energy and outflow energy discussed above.
While most of the Taurus Molecular Cloud has been known to
be a region of poor star-formation efficiency, the exception is the
L1551 dark cloud region just south of the main complex, which is
known to be an active region of star-formation. The L1551 dark
cloud contains at least one class 0 protostar (L1551 NE), the proto-
typical class I outflow source L1551 IRS5, (Snell et al. 1980), sev-
eral T Tauri (class II) stars including HL/XZ Tau, and weak T Tauri
(class III) stars including UX Tau. The 100 square degree survey
of the Taurus Molecular Cloud in Narayanan et al. (2008) did not
cover the L1551 dark cloud, but this region has been studied with
comparable resolution but with better sensitivity by Stojimirovic´
et al. (2006). From the latter study, the mass of the L1551 dark
cloud is 110 M, and its total turbulent energy is ∼ 8.5 × 1044
ergs. Adding up the energy from the outflow lobes in L1551, gives
a total outflow energy of∼ 2×1045 ergs (Stojimirovic´ et al. 2006).
These estimates have not been even been multiplied up by the fac-
tor of 10 used in the main Taurus cloud above. So at least in the
L1551 dark cloud the outflows have more than enough energy to
account for the turbulence present in the parent cloud. Assuming a
cloud size of 0.8 pc for the L1551 dark cloud, equation 1 gives a
turbulent dissipation timescale of 4.4 × 105 years. So the rate of
turbulent dissipation in L1551, Lturb is 6.1 × 1031 ergs s−1. Sto-
jimirovic´ et al. (2006) do not provide dynamical time-scales for the
L1551 outflows, but it can estimated from the data to be∼ 8× 104
years. Hence the overall luminosity from outflows in L1551, Lflow
is 8 × 1032 ergs s−1, a factor of 13 bigger than Lturb. Again, the
more energetic outflows in the L1551 dark cloud not only have the
energy, but have sufficient luminosity to keep pumping up the tur-
bulence in the L1551 cloud.
While the current generation of outflows in the 100 square
degrees we surveyed have an overall outflow luminosity that is a
factor of 12 smaller than the turbulent dissipation rate seen in that
region, L1551 just south of the main complex gives a counter ex-
ample of a region where outflows can more than account for the
turbulent energy rate. There are clearly uncertainties in these esti-
mates of energy and luminosities, but we can conclude overall that
at the scale of large molecular clouds, outflows are an important
source to keep the turbulence sustained. From this study and oth-
ers, it is clear that the scale length for turbulence from outflows
as a source is of the order of a parsec or more. As shown in this
study, outflows have a relatively short time-scale, of order a few
105 years, while turbulent dissipation rates are a few ∼ 106 years.
We could then suggest that multiple generations of star-formation
episodes with its short-lived vigorous outflow episodes could keep
the turbulence sustained in molecular clouds. It is also clear that
just one very energetic outflow like L1551 can provide a substan-
tial source of turbulent injection into the parent cloud. Is L1551 an
unique outflow? If it is not, in molecular clouds like Taurus, one
such outflow like L1551 going off once every 105 years appears to
be sufficient as a source of the turbulence.
Figure 1 shows that outflows in Taurus, for the most part, are
localised in regions of high column density. Such clustering of out-
flows suggests the possibility of studying the balance of turbulent
energy and luminosity against that provided by outflows in smaller
regions. We could study the local effect of outflows on the turbu-
lence present in their immediate environments. We define four main
regions with multiple outflows in each region: L1495, B213, Heiles
Cloud 2, and B18. The polygonal regions for these 4 star-forming
clouds are highlighted in Goldsmith et al. (2008), and the masses
and sizes of these individual regions are listed in Goldsmith et al.
(2008); Pineda et al. (2010). To these four Taurus regions, we add
the L1551 dark cloud from the study of Stojimirovic´ et al. (2006).
The physical properties of these five regions including outflow en-
ergy and luminosity are calculated and summarised in Table 4. It
should be emphasised that it is indeed more appropriate to gauge
the effect of outflows in contributing to cloud turbulence by using
the whole Taurus cloud instead of selected regions. There are many
more YSOs in Taurus than there are outflows (see Figure 1), so
it is possible that many of the outflows from more evolved YSOs
are slowing down to ambient cloud velocities at the current epoch
(thereby rendering them undetectable), but still have contributed to
the energy budget of the Taurus cloud. However, it is still instruc-
tive to analyse individual star-forming regions as listed in Table 4
in order to gauge the local effect of outflows in pumping cloud tur-
bulence, in disrupting the parent cloud, and in providing feedback
that might reduce star-formation efficiency.
In Table 4, we also list the escape velocity, gravitational bind-
ing energy in the five regions. The outflows contributing to the out-
flow energies in each region are also listed. It is to be remembered
that the outflow energy and outflow luminosity listed in Table 4
are lower estimates, and will need to be scaled up by a factor of
∼ 10. In Table 5, the ratios of outflow energy to turbulent energy
and gravitational energy, as well as ratio of outflow luminosity to
turbulent dissipation rate are presented (again, the numbers in this
table are raw numbers, and need to be multiplied up by a factor of
10 as in Table 4). It can be seen that in both Table 4 and 5, the L1551
dark cloud is very different from any other region in Taurus. The
outflows in the L1551 dark cloud are highly energetic, and are dis-
rupting the cloud core, not just pumping up turbulence in its parent
cloud. For the other regions in Taurus, it can be seen that outflows
provide only a fraction of the necessary energy present in turbu-
lence even in these selected regions that have multiple outflows.
However, we do see that the luminosity of outflows is a signifi-
cant contributor (greater than 25% in B213, Cloud 2 and B18, after
multiplying the ratios by the canonical factor of 10) to the expected
turbulent dissipation rate. We also see from the ratio of outflow en-
ergy to the gravitational binding energy of each region, that other
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Table 4. Physical Parameters of Star-forming Regions in Taurus
Name Mreg a Rreg b ∆v c vesc d Egrav e Eturb f tdiss g Lturb h Eflow i Lflow j
(M) (pc) (km s−1) (km s−1) (1046 ergs) (1046 ergs) (105 yr) (1032 ergs s−1) (1044 ergs) (1032 ergs s−1)
L1495k 1836 3.2 1.6 2.2 8.9 2.5 8.7 9.3 0.36 0.09
B213l 723 2.0 1.9 1.8 2.2 1.4 7.0 6.4 0.53 0.16
Cloud 2m 1303 2.3 1.9 2.2 6.3 2.5 6.4 12.6 1.3 0.37
B18n 828 2.1 1.9 1.8 2.5 1.6 8.0 6.4 0.75 0.18
L1551o 110 0.8 1.2 1.1 0.1 0.09 4.4 0.6 20.0 8.0
(a) Mass of star-forming region as listed in Pineda et al. (2010); (b) Radius estimate from using the area listed in Pineda et al. (2010) and approximating
cloud as a circle; (c) Fitted FWHM of average 13CO spectrum in region; (d) Escape velocity given by
√
2GMreg/Rreg; (e) Gravitational binding energy,
GM2reg/Rreg; (f) Energy in turbulence, given by
3
16ln2
Mreg∆v2; (g) Turbulent dissipation time, given by 0.39pi
√
R3reg
8GMreg
(see §4.3); (h) Turbulent
energy dissipation rate, given by Eturb/tdiss; (i) Sum of energies of lobes of outflows in region; (j) Sum of all Outflow luminosities, where each outflow’s
luminosity is derived fromEflow/tdyn, where tdyn is the dynamice timescale for the flow listed in Table 3; (k) Outflows in L1495 are IRAS 041159+294236
and IRAS 04113+2758; (l) Outflows in B213 are IRAS 04166+2706, IRAS 04169+2702, FSTAU B, and IRAS 04248+2612; (m) Outflows in Cloud 2,
also called Heiles Cloud 2 are HH 706 flow, HH 705 flow, TMR1, L1527, IC 2087, TMC1A, TMC-1 North, and TMC1; (n) Outflows in B18 are IRAS
04239+2436, Haro 6-10, ZZ Tau, Haro 6-13, and IRAS 04325+2402; (o) From the outflows from L1551 IRS, L1551 NE, and the EW jet from data in the
L1551 dark cloud presented in Stojimirovic´ et al. (2006).
Table 5. Impact of Outflows on Star-Forming Regions in Taurus
Name Eflow/Eturb Lflow/Lturb Eflow/Egrav
L1495 0.001 0.01 0.0004
B213 0.004 0.025 0.002
Cloud 2 0.005 0.029 0.002
B18 0.005 0.028 0.003
L1551 2.35 13.1 2.0
than in L1551, outflows do not have enough energy to disrupt the
cloud.
5 CONCLUSIONS
An unbiased study of the entire 100 square degrees of the 12CO
and 13CO data in the FCRAO Taurus Molecular Cloud Survey was
performed in order to identify high-velocity features that could be
associated with molecular outflows from YSOs. The FCRAO sur-
vey of the Taurus Molecular Cloud was not designed to exhaus-
tively detect all the outflows in Taurus, but the sensitivity reached
in 12CO and 13CO in the survey were better than the original goals
of the project, and allows an unbiased search for outflows in this
nearby star-forming region. Our procedure for identifying outflows
in an unbiased way utilises a combination of integrated intensity
maps, position velocity images, average spectra inside polygonal
areas representing presumed outflow regions.
Using our search strategy we identify 20 outflows in Taurus,
of which 8 are new detections. Our survey fails to detect three other
outflows in the region that have been previously reported and con-
firmed in literature. The weak nature of these three outflows as re-
ported in previous studies are consistent with them not being de-
tected to the limits of the sensitivity reached in our survey. Eight
of these 20 (40%) outflows are parsec-scale in length, and of them
four are new detections. Even amongst the known outflows that are
seen to be parsec-scale in our survey, the outflow lengths are much
larger than previously suspected.
We detect outflows in 30% of Class I sources, and 12% of Flat
Spectrum sources from the subset of embedded YSOs in the Tau-
rus Spitzer catalogue. Five of the outflows reported in this study
have driving sources which have no known counterparts in the
Spitzer catalogue, indicating that they are likely Class 0 objects.
Our study detects outflows in 75% of known Class 0 objects in Tau-
rus. Based on dynamical timescales derived for our outflows, and
non-detection of outflows towards a large number of Spitzer Class
I and Flat Spectrum sources, we conclude that outflows are a very
short-lived phase in protostellar evolution, and that most embedded
YSOs in Taurus are past this stage of their lives.
We compare the combined energetics of the detected outflows
to the observed cloud-wide turbulence in Taurus, and conclude that
in the main 100 square degree region of Taurus covered in the sur-
vey, outflows lack the energy needed to feed the observed turbu-
lence. But if we include the very active L1551 star-forming region
that is just south of the main Taurus complex, which also features
some very powerful outflows, we determine that energy from out-
flows are only a factor of 20 lower than the energy present in tur-
bulence. However, when comparing the net luminosity of outflows
from the Taurus region studied and include the L1551 dark cloud,
the luminosity in the outflows is able to sustain the turbulent dis-
sipation rate seen in Taurus. The energetics of smaller sub-regions
of Taurus and the L1551 dark cloud region are compared to the
repository of turbulent and gravitational energies in these sites. Our
comparison region, the L1551 dark cloud is anomalous in that the
outflows in that region are powerful enough not only to easily ac-
count for the turbulence in that cloud, but it’s outflows are also
unbinding the cloud. The regions with active outflows in the 100
square degrees of Taurus that we studied do not have enough en-
ergy to disrupt the cloud, but do have enough luminosity to be a
major player in sustaining the turbulence in their parent clouds. We
also conclude that for molecular clouds like Taurus, an L1551-like
c© 0000 RAS, MNRAS 000, 000–000
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outflow episode occurring once every 105 years is sufficient to sus-
tain the observed turbulence in the cloud.
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